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ABSTRACT 
Geochemical Provenance of Clastic Sedimentary Rocks in the 
Western Cordillera: Utah, Colorado, Wyoming, and Oregon 
By 
John Aaron Peterson, Master of Science 
Utah State University, 2009 
Major Professor:  Dr. John W. Shervais 
Department:  Geology 
Sedimentary rocks are an important source of information about previous 
orogenic conditions and the composition of which may describe the evolution of 
provenance and tectonic setting.  Many factors influence sediment composition, namely, 
source rock composition, chemical weathering, climate, transport burial, and diagenesis.  
As the sediment composition changes through time, the geochemical characteristics of 
the sediment can be used to understand its geologic history.   
The geochemical characteristics of clastic sedimentary rocks are useful in 
determining the depositional setting and its associated provenance.    Although many 
different studies have used geochemical discriminants to evaluate provenance and 
tectonic settings, none have used a defined geochemical method.  This study evaluates 
the present-day geochemical approaches to see which, if any, are the most useful. 
(122 pages) 
 iv
ACKNOWLEDGMENTS 
I would like to thank Dr. John W. Shervais for giving me this opportunity to learn 
and gain a greater understanding of geology.  He has helped and encouraged me at every 
turn and pushed me to succeed.  He has been a wonderful teacher and friend. 
I would also like to thank Dr. W. David Liddell and Dr. Peter T. Kolesar for their 
insightful comments and suggestions throughout this entire process.  Their enthusiasm for 
geology has always inspired me and pushed me to learn more.  I am grateful to have had 
them as my teachers. 
I would like to thank David L. Turner, Ph.D. for his help with all of the statistical 
analysis, without which, I would never have understood appropriately.  His insight and 
clarification of the statistical methods was immensely helpful. 
I would like to thank my parents for their loving support and guidance as I 
worked to achieve my goals. Throughout this process, I have thoroughly enjoyed the 
geologic field trips we went on and all the side trips they entailed.  Without their support 
none of this would ever have been possible. 
Finally, I want to thank my wonderful wife Alyson for putting up with my 
geologic “eccentricities” and for being patient while I finished this project.  She has truly 
been patient and I am thankful that she let me go on so many geologic “vacations”.  Her 
support in all my efforts has been second to none. 
                                                                                                  John Aaron Peterson 
 v
CONTENTS 
                                                  Page 
ABSTRACT ....................................................................................................................... iii 
ACKNOWLEDGMENTS .................................................................................................. iv 
LIST OF TABLES ........................................................................................................... viii 
LIST OF FIGURES ............................................................................................................. x 
CHAPTER 
 1. SANDSTONE COMPOSITION AND TECTONIC SETTINGS .............. 1 
                                    Introduction ..................................................................................... 1 
                                    Petrographic Approach to Tectonic Settings ................................... 2  
                                    Geochemical Approach to Tectonic Settings .................................. 3  
                                    Summary ......................................................................................... 5 
 
 2. FIELD RELATIONS AND METHODOLOGY......................................... 6 
                                    Geologic Setting of the Study Areas ............................................... 6 
                                    Continental Block ............................................................................ 6 
 
 Salt Wash Member, Morrison Formation ........................... 6 
 Dakota Formation ................................................................ 7 
 Mesaverde Group  ............................................................... 7 
 Duchesne River Formation ................................................. 8 
 Hoback Formation ............................................................... 8 
 Frontier Formation .............................................................. 8 
 
 Magmatic Arc .................................................................................. 9 
  Bridger Formation ............................................................... 9 
  Tyee Formation ................................................................... 9 
  Wagon Bed Formation ...................................................... 10 
  Lonesome Formation......................................................... 10 
  
 Methods ......................................................................................... 10 
 
  Field Work......................................................................... 10 
  Sample Preparation ........................................................... 11 
  Analytical Methods ........................................................... 11 
 vi
  Statistical Methods ............................................................ 12 
  Thin Section Preparation ................................................... 12 
 
 3. PETROGRAPHIC ANALYSIS AND TECTONIC SETTING ................ 15 
                                    Introduction ................................................................................... 15 
                                    Continental Block .......................................................................... 16  
                                    Recycled Orogen ........................................................................... 17 
  Magmatic Arc ................................................................................ 17 
                                    Summary ....................................................................................... 19 
 
 4. GEOCHEMISTRY AND TECTONIC SETTING ................................... 30 
   Introduction ................................................................................... 30 
   Major Element Plots ..................................................................... 30 
 
    Harker Diagram ................................................................. 30 
    K2O/Na2O-SiO2 Plot ......................................................... 31 
    SiO2/Al2O3-K2O/Na2O Plot ............................................... 32 
    Ti-MgO + Fe2O3 Plot ........................................................ 32 
 
   Trace Element Plots ...................................................................... 34 
 
    Sc-V Plot ........................................................................... 34 
    La-Th-Sc Plot .................................................................... 34 
    C1 Chondrite Normalized REE Plot ................................. 35 
    North American Shale Composite REE Plot..................... 36 
    Upper Continental Crust Plot ............................................ 37 
    Ba/La-Eu/Eu* Plot ............................................................ 38 
    Ta-V Plot ........................................................................... 39 
  
 5. STATISTICAL ANALYSIS OF SANDSTONE GEOCHEMISTRY...... 64 
    
   Introduction ................................................................................... 64 
   Major Elements – rpart analysis ................................................... 65 
   Trace Elements – rpart analysis .................................................... 65 
   Summary ....................................................................................... 66 
 
 6. CONCLUSIONS ....................................................................................... 73 
 
   Introduction ................................................................................... 73 
   Major Element Diagrams .............................................................. 73 
   Trace Element Diagrams ............................................................... 75 
   Summary ....................................................................................... 76 
   
 
 vii
 REFERENCES………….. ....................................................................................... 82 
  
 APPENDICES……………. ..................................................................................... 87 
   
   Appendix A:  Sample Labels and Locations ............................................. 88 
  Appendix B:  Rock Sample Point Count Compositions ........................... 91 
  Appendix C:  Major Element Data ............................................................ 94 
  Appendix D: Trace Element Data ............................................................. 98 
  
 
 
 viii 
LIST OF TABLES 
 
 
 
Table Page 
2-1.     Formations sampled for this study with their reported age, provenance, and 
tectonic setting, according to Dickinson et al. 1983 ............................................. 14 
 
4-1.     Summary of papers proposing petrographic and geochemical approaches to 
classifying clastic sediment provenance and tectonic setting ............................... 40 
 
5-1.     Model fit statistics for the initial rpart model for major elements assessed in a 
geochemical provenance study of clastic sedimentary rocks in the Western 
Cordillera, 2009. .................................................................................................... 67 
 
5-2.     Classification results from the pruned rpart tree (2 splits/3 nodes) modeling of 
geochemical provenance using major element from sedimentary rocks in the 
western cordillera, 2009.  Columns and rows are the observed and predicted 
provenances, respectively...................................................................................... 67 
 
5-3.     Model fit statistics for initial rpart model of selected trace element analysis in 
geochemical provenance study of clastic sedimentary rocks in the western 
cordillera, 2009...................................................................................................... 68 
 
5-4.     Classification results from the pruned rpart tree (2 splits/3 nodes) modeling of 
geochemical provenance using selected trace elements from sedimentary rocks in 
the western cordillera, 2009.  Columns and rows are the observed and predicted 
provenances, respectively...................................................................................... 68 
 
5-5.     Model fit statistics for initial rpart model of all trace element analysis in 
geochemical provenance study of clastic sedimentary rocks in the western 
cordillera, 2009...................................................................................................... 69 
 
5-6.     Classification results from the pruned rpart tree (2 splits/3 nodes) modeling of 
geochemical provenance using all trace elements from sedimentary rocks in the 
western cordillera, 2009.  Columns and rows are the observed and predicted 
provenances, respectively...................................................................................... 69 
 
 ix
6-1.     List of provenance, depositional and tectonic setting nomenclature as used in 
literature ................................................................................................................ 78 
 
6-2.     List of major element diagrams and their effectiveness in resolving  
            provenance ............................................................................................................ 79 
 
6-3. List of trace element diagrams and their effectiveness in resolving  
             provenance ........................................................................................................... 80 
 x
LIST OF FIGURES 
Figure Page 
3-1. Triangular QFL plot showing data points from Dickinson et al. (1983) and this 
study of the Dakota Formation and the Salt Wash member of the Morrison 
Formation.  This plot shows the relative position of the data to the craton interior 
division.  Q is total quartzose grains; F is total feldspar grains; L is total unstable 
lithic fragments. ..................................................................................................... 20 
 
3-2.     Triangular QmFLt plot showing the data points from Dickinson et al. (1983) and 
this study of the Dakota Formation and the Salt Wash member of the Morrison 
Formation.  This plot shows the relative position of the data to the craton interior 
division. Qm is mono-crystalline quartz grains; F is total feldspar grains; Lt is 
total lithic fragments (including stable quartzose and unstable lithics). ............... 21 
 
3-3.     Triangular QFL plot showing the data points from Dickinson et al. (1983) and this 
study of the Mesaverde Group, Duchesne River Formation and the Hoback 
Formation.  This plot shows the relative position of the data to the recycled 
orogen division. Q is total quartzose grains; F is total feldspar grains; L is total 
unstable lithic fragments. ...................................................................................... 22 
 
3-4. Triangular QmFLt plot showing the data of Dickinson et al. (1983) and this study 
of the Mesaverde Group, Duchesne River Formation and the Hoback Formation.  
This plot shows the relative position of the data to the recycled orogen division. 
Qm is mono-crystalline quartz grains; F is total feldspar grains; Lt is total lithic 
fragments (including stable quartzose and unstable lithics).................................. 23 
 
3-5.      Triangular QFL plot showing the data of Dickinson et al. (1983) and this study of 
the Frontier Formation.  This plot shows the relative position of the to the 
recycled orogen division. Q is total quartzose grains; F is total feldspar grains; L 
is total unstable lithic fragments............................................................................ 24 
 
3-6.      Triangular QmFLt plot showing the data of Dickinson et al. (1983) and this study 
of the Frontier Formation.  This plot shows the relative position of the data to the 
recycled orogen division. Qm is mono-crystalline quartz grains; F is total feldspar 
grains; Lt is total lithic fragments (including stable quartzose  
             and unstable lithics). ............................................................................................. 25 
 
 xi
3-7. Triangular QFL plot showing the data of Dickinson et al. (1983) and this study of 
the Bridger and Tyee Formations.  This plot shows the relative position of the 
data to the dissected arc division. Q is total quartzose grains; F is total feldspar 
grains; L is total unstable lithic fragments. ........................................................... 26 
  
3-8.     Triangular QmFLt plot showing the data of Dickinson et al. (1983) and this study 
of the Bridger and Tyee Formations.  This plot shows the relative position of the 
data to the dissected arc division. Qm is mono-crystalline quartz grains; F is total 
feldspar grains; Lt is total lithic fragments (including stable quartzose and 
unstable lithics). .................................................................................................... 27 
 
3-9.      Triangular QFL plot showing the data of Dickinson et al. (1983) and this study of 
the Wagon Bed and Lonesome Formations.  This plot shows the relative position 
of the data to the undissected arc division. Q is total quartzose grains; F is total 
feldspar grains; L is total unstable lithic fragments. ............................................. 28 
 
3-10.    Triangular QmFLt plot showing the data of Dickinson et al. (1983) and this study 
of the Wagon Bed and Lonesome Formations.  This plot shows the relative 
position of the data to the undissected arc division. Qm is mono-crystalline quartz 
grains; F is total feldspar grains; Lt is total lithic fragments (including stable 
quartzose and unstable lithics). ............................................................................. 29 
 
4-1.  Harker diagram of major element analyses of suites used in this study.  Small 
triangles, diamonds, circles and squares are plotted data from this study.  Large 
triangles are provenance averages from Bhatia (1983). Values are in  
 percent (%) ............................................................................................................ 41 
 
4-2.     SiO2 versus K2O/Na2O plot of Roser and Korsch (1986). Fields for oceanic island 
arc (ARC), continental margin arc (ACM), and passive margins (PM) are shown. 
Note low K/Na sediments of continental interior, which may be derived from a  
tonalitic source. Also note the stray craton interior point that plots within the 
passive margin field may come from an anomalously high K2O value.  SiO2   
values are in percentages (%). ............................................................................... 42 
 
4-3.     Plot of SiO2/Al2O3 ratios versus K2O/Na2O ratios, after McLennan et al. (1990).  
Data for samples studied here in small symbols, group average data from Bhatia 
(1983) in large triangles.  Note the overlap and mix of the dissected and 
undissected arc sediments ..................................................................................... 43 
 
 xii
4-4.     Plot of [MgO+FeO] versus TiO2, after Bhatia (1983). Data for samples studied 
 here in small symbols, group average data from Bhatia (1983) in large triangles. 
 Note overlap of passive margin sediments into active continental margin 
 (“ACM”) field ....................................................................................................... 44 
 
4-5.     Plot of Scandium versus Vanadium (Sc-V) after Bhatia and Crook (1986). Arc 
rocks are high in V relative to passive margin sediments. Scandium and 
Vanadium values are plotted in parts per million (ppm). ...................................... 45 
 
4-6.     Ternary plot of Lanthanum-Thorium-Scandium (La-Th-Sc), after Bhatia and 
Crook (1986).  Arc fields separate well, but passive margin and ACM fields show 
some overlap. Lanthanum, Thorium, and Scandium values are plotted in parts per 
million (ppm)........................................................................................................  46 
 
4-7.     Chondrite and Lutetium (Lu) normalized Rare Earth Elements (REE) 
concentrations for craton interior sedimentary rocks deposited in a passive margin 
tectonic setting: Dakota Formation and Salt Wash Member of the Morrison 
Formation .............................................................................................................. 47 
 
4-8.     Chondrite and Lutetium (Lu) normalized Rare Earth Elements (REE) 
concentrations for quartzose recycled sedimentary rocks deposited in a passive 
margin tectonic setting: Hoback Formation, Duchesne River Formation, and 
Mesaverde Group .................................................................................................. 48  
 
4-9.      Chondrite and Lutetium (Lu) normalized Rare Earth Elements (REE) 
concentrations for transitional recycled sedimentary rocks deposited in a passive 
margin tectonic setting: Frontier Formation.......................................................... 49 
 
4-10.    Chondrite and Lutetium (Lu) normalized Rare Earth Elements (REE) 
concentrations for sedimentary rocks derived from dissected arcs deposited in an 
active margin tectonic setting: Tyee Formation and Bridger Formation .............. 50 
 
4-11.    Chondrite and Lutetium (Lu) normalized Rare Earth Elements (REE) 
concentrations for sedimentary rocks derived from undissected arcs deposited in  
an active margin tectonic setting: Wagon Bed Formation and Lonesome 
Formation. The data with the unusual Eu spike comes from the Wagon Bed 
Formation .............................................................................................................. 51 
 
 xiii 
4-12.   NASC-normalized Rare Earth Elements (REE) concentrations for craton interior 
sedimentary rocks deposited in a passive margin tectonic setting: Dakota 
formation and Salt Wash Member of the Morrison Formation ............................. 52 
 
4-13.   NASC-normalized Rare Earth Elements (REE) concentrations for quartzose 
recycled sedimentary rocks deposited in a passive margin tectonic setting: Hoback 
Formation, Duchesne River Formation, and Mesaverde Group ........................... 53 
 
4-14.   NASC-normalized Rare Earth Elements (REE) concentrations for transitional 
recycled sedimentary rocks deposited in a passive margin tectonic setting: 
Frontier Formation ................................................................................................ 54 
 
4-15.   NASC-normalized Rare Earth Elements (REE) concentrations for sedimentary 
rocks derived from dissected arcs deposited in an active margin tectonic setting: 
Tyee Formation and Bridger Formation................................................................ 55 
 
4-16. NASC-normalized Rare Earth Elements (REE) concentrations for sedimentary 
rocks derived from undissected arcs deposited in an active margin tectonic 
setting: Wagon Bed Formation and Lonesome Formation ................................... 56 
 
4-17. Upper crust-normalized Rare Earth Elements (REE) concentrations for craton 
interior sedimentary rocks deposited in a passive margin tectonic setting: Dakota 
Formation and Salt Wash Member of the Morrison Formation ............................ 57 
 
4-18. Upper crust-normalized Rare Earth Elements (REE) concentrations for quartzose 
recycled sedimentary rocks deposited in a passive margin tectonic setting: Hoback 
Formation, Duchesne River Formation, and Mesaverde Group. .......................... 58 
 
4-19. Upper crust-normalized Rare Earth Elements (REE) concentrations for 
transitional recycled sedimentary rocks deposited in a passive margin tectonic 
setting: Frontier Formation.................................................................................... 59 
 
4-20. Upper crust-normalized Rare Earth Elements (REE) concentrations for 
sedimentary rocks derived from dissected arcs deposited in an active margin 
tectonic setting: Tyee Formation and Bridger Formation. .................................... 60 
 
 xiv
4-21. Upper crust-normalized Rare Earth Elements (REE) concentrations for 
sedimentary rocks derived from undissected arcs deposited in an active margin 
tectonic setting: Wagon Bed Formation and Lonesome Formation. ..................... 61 
 
 
4-22. Plot of Ba/La-Eu/Eu*.  Arc rocks show some separation, but continental rocks are 
mixed together with no discernable separation. .................................................... 62 
 
4-23. Plot of Ta-V.  Undissected arc rocks separate well from dissected arc rocks, but 
continental rocks are still mixed with very little separation.................................. 63 
 
5-1. The pruned fit tree model for the major elements.  The numbers below the 
provenances are the frequencies with which the major elements correspond to that 
provenance. ........................................................................................................... 70 
 
5-2. The pruned fit model of the rpart analysis of the trace elements using only 
selected trace elements (namely Sc, V, Eu, La, Ba, Ho, Th). The numbers below 
the provenances are the frequencies with which the selected trace elements 
correspond to that provenance............................................................................... 71 
 
5-3. The pruned fit model of the rpart analysis for all of the trace elements.  Note that 
Tantalum (Ta) replaces Thorium (Th) in the right branch as compared to the 
previous model. The numbers below the provenances are the frequencies with 
which the trace elements correspond to that provenance. ..................................... 72 
 
 
 
 
 
 
 
 
CHAPTER 1 
SANDSTONE COMPOSITION AND TECTONIC SETTINGS 
 
Introduction 
 Sedimentary rocks are an important source of information about previous 
orogenic conditions and may contain detritus that describes the evolution of orogenic 
settings (Johnsson, 1993).  Sediment composition has been used to determine 
relationships between tectonic setting and provenance (Dickinson and Suczek, 1979; 
Johnsson, 1993).   
 The composition of clastic sedimentary rocks is controlled by several factors, 
which include source rock, weathering, erosion, deposition, transport, burial, and 
diagenesis (Johnsson, 1993).  The most important factors noted by Johnsson (1993) are 
source rock composition, chemical weathering, abrasion, sorting during transport, and 
diagenesis.  These factors are affected by three main interrelated components, namely, 
tectonic setting, climate and the nature of the depositional system.  Each of these factors 
affects the characteristics of the others, producing different clastic compositions. 
 As sediments are transported long distances from the source area, lithics become 
separated from relict quartz, and are chemically broken down.  This results in quartz-rich 
sandstones that are characteristic of continental interiors and passive margin platform 
settings, and massive, mud-rich deltas characteristic of passive continental margin slope 
settings.  In contrast, magmatic arc depositional systems tend to have short transport 
distances, which reduces physical sediment sorting and chemical weathering, and results 
in sandstones that are less enriched in quartz, and more abundant in lithics. 
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 As a result of these complex interactions, the chemical compositions of these 
sediments are difficult to match back to their source rock compositions (Johnsson, 1993).  
However, correlations between provenance, tectonic setting, and sandstone composition 
have been observed (Dickinson and Suczek, 1979; Dickinson et al., 1983).  This suggests 
that, even though the interactions between these factors are complex, they typically 
behave in similar ways in any given setting.  Furthermore, the influence of these factors 
upon sediment composition varies from one setting to another, thus producing similar and 
consistent compositional groups in each setting (Seiver, 1979).  
 
Petrographic Approach to Tectonic Settings  
 The relationship between sandstone compositions and tectonic setting was 
recognized through the work of Dickinson and Suczek (1979), and Dickinson et al. 
(1983).  Dickinson and Suczek (1979) showed that plotting the detrital framework modes 
of sandstone suites on QFL and QmFLt ternary diagrams results in information about the 
tectonic setting of depositional basins and their associated provenance (Dickinson et al., 
1983).  The QFL diagram, which plots quartz (Q), feldspar (F) and lithics (L), is divided 
into three main fields, each with three sub-fields, with the exception of the Recycled 
Orogen field.  The three main fields are representative of three different types of tectonic 
regime, namely, “continental blocks,” “magmatic arcs,” and “recycled orogens” 
(Dickinson et al., 1983).  The QmFLt diagram is similar to the QFL diagram, except that 
it plots exclusively monocrystalline quartz (Qm), and total polycrystalline lithics (Lt) 
(Dickinson et al., 1983). 
Dickinson and Suczek (1979) established that sandstone suites from different 
kinds of depositional basins are a function of provenance types controlled by plate 
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tectonics.  In general, sediments derived from continental interiors and deposited within 
intracratonic basins or along passive margins are rich in detrital quartz and poor in lithic 
fragments, especially volcanic lithics.  Clastic sediment derived from recycled orogens is 
commonly more felsic than craton-derived sediment, even though the depositional setting 
on passive margins may be the same.  Clastic sediments derived from volcanic arcs 
(continental or oceanic) are typically poor in detrital quartz and rich in volcanic lithics.   
 
Geochemical Approach to Tectonic Settings  
Previous workers have explored the use of geochemical discriminants in 
sandstone suites, and their relationship to tectonic setting.  One of the first to recognize 
the tectonic implications of sandstone geochemistry was Middleton (1960), who grouped 
sandstones into three clans on a tectonic basis:  taphrogeosynclinal, eugeosynclinal, and 
exogeosynclinal.  These groupings are based mainly on K20/Na20 and alkali/Al203 ratios 
within the sandstone suites (Middleton, 1960). 
Soon after Dickinson and Suzek (1979), Bhatia (1983) studied geochemical 
compositions of sandstones and noticed trends of major elements in clastic suites of 
differing tectonic settings.  In particular, Bhatia (1983) saw a progressive decrease in 
Fe2O3 + MgO, TiO2, Al2O3/SiO2, and an increase in K2O/Na2O and Al2O3/(CaO + Na2O) 
in sandstone suites from oceanic island arc to continental island arc to active continental 
margins to passive margins.  This trend implies that, as sandstones become more mature, 
there is an increase in quartzose content and a decrease in the unstable detrital grains 
(Bhatia, 1983).  However, these results may be restricted to specific sedimentary rocks, 
because Bhatia (1983) only analyzed greywacke-type sandstones within particular 
Paleozoic basins.  
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The work of Bhatia (1985) showed that ratios of SiO2/Al2O3 and K2O/Na2O 
increased with sandstone and mudstone maturity, which is partially due to the change in 
the dominant source rock.  Similarly, the work of Roser and Korsch (1986) determined 
that sandstone and mudstone suites can be analyzed using SiO2 content and K2O/Na2O 
ratios to determine provenance and tectonic setting.  Although their only method provides 
a rough analysis in determining the tectonic setting of sandstones, it is helpful in 
classifying sandstone compositions into appropriate categories (passive margin, active 
continental margin, and oceanic island arc).  
Using trace element analyses Bhatia and Crook (1986) noted increases in the 
Light Rare Earth Elements (LREE) and a decrease in V, Sc, and the Ba/Rb, K/Th, and 
K/U ratios from Oceanic Island Arc (OIA) to Continental Island Arc (CIA) to Active 
Continental Margin (ACM) to Passive Margin (PM) settings.  The Rare Earth Element 
(REE) geochemistry of sandstones and mudstones from the same Paleozoic basins of 
Bhatia and Crook (1986) showed an increase of REE abundance (Light Rare Earth 
Element to High Rare Earth Element (HREE) ratio) and a decrease in the Eu anomaly as 
the sandstones became more mature (Bhatia, 1985).  
More recently, McLennan et al. (1993) looked at several geochemical approaches 
useful in provenance, tectonic and sedimentation research.  They defined several 
advantages that geochemical work has over petrographical methods, namely, (1) the 
ability to analyze fine- and coarse-grained rocks, (2) the ability to analyze heavily altered 
rocks, (3) the ability to use key trace elements or isotopes in identifying exotic 
components not readily recognized and (4) the ability to constrain both provenance age 
and geochemical history (McLennan et al., 1993).  They defined five terrane types 
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through whole rock geochemical and isotope compositions, (1) old upper continental 
crust, (2) recycled sedimentary rocks, (3) young undifferentiated arc, (4) young 
differentiated arcs, and (5) exotic components (McLennan et al., 1993).  Their use of 
whole rock geochemistry and isotope composition has provided a foundation upon which 
to apply modern geochemical methods to provenance and tectonic research. 
 
Summary  
Geochemical approaches to provenance and tectonic setting are helpful, but lack a 
specific applicable methodology that can be applied.  Several geochemical plots, trends 
and ratios have been proposed, but have either been too broadly applied or too narrowly 
constrained.  There is no doubt that geochemical discriminants can identify features not 
readily recognized by petrography; however, what is needed is a defined geochemical 
method to apply to provenance and tectonic studies.  
 The purpose of this project is to test existing geochemical discrimination 
techniques using geochemical analyses of clastic sedimentary rocks of known provenance 
and tectonic setting, and to compare these correlations with those based on petrographic 
methods.  If successful, the application of geochemical discriminants will make 
provenance identification easier and more reliable, and will provide an objective method 
for determining provenance and tectonic setting.  
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CHAPTER 2 
FIELD RELATIONS AND METHODOLOGY 
 
Geologic Setting of the Study Areas 
 Dickinson et al. (1983) compiled data for hundreds of clastic rocks from the 
literature and classified them into distinct provenance-tectonic setting groups based on 
reported point-count data and their known geologic settings.  For this study, sandstones 
were chosen from a range of formations based on their “Dickinsonian” classification of 
tectonic setting, provenance, and age, as reported by Dickinson et al. (1983). The 
formations sampled cover the three main tectonic divisions as defined by Dickinson and 
Suzek (1979) and Dickinson et al. (1983): continental block, magmatic arc, and recycled 
orogen, as well as their respective subdivisions.  
The representative formations from which samples were obtained for this study 
include six formations representing passive margin settings (craton interior, quartzose 
recycled, and transitional recycled provenance) and four formations representing active 
margin settings (dissected and undissected arc provenance (Table 2-1). These formations 
were chosen in part because their locations in the interior west made them more 
accessible for sampling, although two formations along the Oregon coast were also 
included in order to obtain a more representative selection of arc-derived sandstones.  
 
Continental Block 
Salt Wash Member, Morrison Formation 
The Salt Wash Member of the Jurassic Morrison Formation is a well-sorted fine-
grained sandstone that possibly represents a slowly subsiding, alluvial plain depositional 
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environment that is continental in origin (Cadigan, 1967).  However, according to Currie 
(1998), the Salt Wash Member of the Morrison Formation was deposited by sandy to 
gravelly, braided stream systems in the back-bulge depo-zone of a foreland basin system 
during the Late Jurassic.  Currie (1998) concludes that the sediment source was to the 
west, with likely sources being Mesozoic, Paleozoic, and Proterozoic rocks. The QFL 
data compiled by Dickinson et al. (1983) suggest that the Salt Wash Member (and 
probably the Morrison Formation as a whole) was sourced from the continental interior, 
and deposited in a foreland basin.  
 
Dakota Formation 
The Dakota Formation is an Early Cretaceous fluvial to shallow marine facies 
sandstone that was sourced from the continental interior and deposited in a foreland basin 
that developed along the Sevier Orogenic belt (Johnson, 2003).  It probably represents the 
shoreline facies of the Cretaceous western interior seaway.  The QFL data compiled by 
Dickinson et al. (1983) classify this as continental block in nature.  
 
Mesaverde Group 
The Late Cretaceous Mesaverde Group (MVG) is a thick, laterally discontinuous, 
fine to medium grained sandstone (Hettinger and Kirschbaum, 2002).  It contains thin 
beds of shale between the sandstone units (Hettinger and Kirschbaum, 2002).  During the 
Late Cretaceous, the MVG was deposited into the foreland basin by meandering and 
braided fluvial systems (Hettinger and Kirschbaum, 2002).  The sediment was most likely 
derived from the Sevier highlands and from local sources as the foreland basin became 
segmented due to tectonic activity (Hettinger and Kirschbaum, 2002). 
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Duchesne River Formation 
The Oligocene Duchesne River Formation was deposited in the Uinta basin by 
small, rapidly aggrading streams during uplift of the Uinta Mountains in the latter stages 
of the Laramide Orogeny (Andersen and Picard, 1974).  The sediment was derived 
almost exclusively from sedimentary and meta-sedimentary rocks of the Uinta Mountains 
(Andersen and Picard, 1974).  According to Andersen and Picard (1974), the Duchesne 
River Formation provides an excellent example of a rock composed of recycled sediment. 
 
Hoback Formation 
The Paleocene Hoback Formation was derived from Mesozoic and Paleozoic 
rocks as they were uplifted during the Late Cretaceous (Spearing, 1969).  The Hoback 
Formation was deposited mainly in three depositional environments, namely: flood plain, 
alluvial plain, and major channel belts (Spearing, 1969).  The main source of the 
sediment is interpreted to be from the Snake River Range, which is west of the 
depositional basin, and this interpretation is supported by the timing of the tectonic uplift, 
paleocurrent data (from the west) and sediment composition (which is comprised of 
Paleozoic and Mesozoic rocks) (Spearing, 1969). 
 
Frontier Formation 
The Late Cretaceous Frontier Formation was deposited during a shallowing of the 
interior seaway, which increased sedimentation (Siemers, 1975).  This increased influx of 
sediment resulted in the accumulation of shallow marine and deltaic deposits (Siemers, 
1975).  The sediment source was mainly derived from central Idaho (Siemers, 1975). 
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Magmatic Arc 
Bridger Formation 
The Eocene Bridger Formation was deposited in Lake Gosiute (Surdam and 
Stanley, 1979).  The sediment sources (most likely from the Absaroka Range) are 
characterized by abundant volcanic lithics (Surdam and Stanley, 1980).  These sandstones 
are also thought to be equivalent in age to the Eocene Wagon Bed Formation that lies to the 
northwest, near the Granite Mountains uplift (Surdam and Stanley, 1980). 
 
Tyee Formation 
The Eocene Tyee Formation of the Oregon coast consists of marine and deltaic 
turbidite sandstones that were rapidly deposited within the Oregon coast basin during 
tectonic rotation of the basin (Simpson and Cox, 1977; Heller et al., 1985).  The 
formation is a lithic-arkosic sandstone that contains minor amounts of mudstone (Snavely 
et al., 1964; Heller and Ryberg, 1983).  Previously, the Tyee Formation was thought to be 
derived from a southern source, such as the Klamath or Northern Sierra Nevada 
Mountains, but isotopic data from Heller et al. (1985) suggest that the main sediment 
source was the Idaho batholith prior to tectonic rotation.  Heller and Ryberg (1983) 
determined that the Klamath and Sierra Nevada Mountain isotopic signatures were too 
un-similar to the Tyee Formation, while the Idaho batholith was determined to be more 
closely related.  The QFL data compiled by Dickinson et al. (1983) suggest the Tyee 
Formation was deposited in a magmatic arc setting, while Heller et al. (1985) infer that 
the setting may have been a continental arc setting.  
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Wagon Bed Formation 
The Eocene Wagon Bed Formation is composed of locally derived tuff from the 
uplift and erosion of the Granite Mountains (Love, 1970).  The Wagon Bed Formation 
represents the accumulation of pyroclastic and locally derived sediments.  The volcanic 
debris is mostly derived from the Rattlesnake Hills and the Absaroka Range from the 
northwest (Love, 1970). 
 
Lonesome Formation 
The Upper Jurassic Lonesome Formation is composed of subsea fan deposits that 
were derived from an eroded arc terrane, which included volcanic and non-volcanic 
sources (Dickinson et al., 1979).  The grains are fine- to medium-grained, sub-angular to 
sub-rounded turbidites (Dickinson et al., 1979), and the turbidic character of the 
sandstone was noted in the field.  QFL datum obtained by Dickinson et al. (1979) classify 
these sandstones as undissected magmatic arc.  
 
Methods 
Field Work 
Rock samples were collected in the summer and fall of 2004 (Appendix A).  In 
order to produce a practical geochemical study, samples were collected from basins with 
defined tectonic setting and provenance, as defined by Dickinson et al. (1983) and 
Dickinson and Suzek (1979).  Rock samples were compared using geochemistry and 
modern petrographic methods so that similarities could be analyzed and documented. 
 For this project I collected 5 samples per formation of Jurassic age and younger 
rocks from basins located in Colorado, Wyoming, Utah, and Oregon for a total sample 
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size n=75 (Table 2-1).  Rock samples were collected so as to maximize the geochemical 
distribution of each rock formation.  The location of each sample was determined using a 
Magellan GPS hand-held unit using WGS84 projection.  
 
Sample Preparation 
Sample preparation began with the removal of weathered surfaces by chipping 
until a fresh, un-weathered surface was achieved.  Portions of all samples were powdered 
in preparation for making pressed pellets, carbonate concentration analysis, and ICP-MS 
dissolution.  The fresh samples were broken into chips using a “chipmunk” with 
porcelain sides.  The samples were then powdered using a Rocklabs tungsten-carbide 
head and shatter box.  An average time of four minutes was sufficient to achieve a non-
gritty homogenous powdered sample. 
 
Analytical Methods 
Major and trace element analyses were determined by x-ray fluorescence 
spectrometry, and trace elements by ICP-MS analysis (Appendix C, Appendix D).  Major 
and trace element compositions of the samples were determined by X-ray fluorescence on 
a Philips PW2400 X-ray spectrometer at Utah State University.  Ten major element 
oxides (SiO2, TiO2, Al2O3, FeO, MnO, MgO, CaO, Na2O, K2O, and P2O5) and 12 trace 
elements (Cu, Cr, Ba, Nb, Rb, Sr, Sc, Ni, Zn, Zr, V, and Y) were analyzed by XRF on 
pressed powdered pellets.  A selection of USGS rock standards were used for calibration.  
Major element data is reported in nomalized percentages and trace element data is 
reported in parts per million (ppm). Carbonate concentration analysis was done by a 
simple method of acid dissolution and combined with loss on ignition to determine water 
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content by difference.  Final results were corrected for carbonate and phosphate content 
by subtracting stoichiometric amounts of CaO for calcite (CaCO3) and apatite (P2O5) to 
obtain CaO* = CaO in the silicate fraction.  
Rare earth elements were analyzed using a Perkin-Elmer 6000 Inductively 
Coupled Plasma Mass Spectrometer (ICP-MS) in the laboratory of Professor Scott Vetter 
at Centenary College, Shreveport, Louisiana.  Samples were analyzed for the rare earth 
elements (REE), Th, U, Ta, and Nb.  Powdered rock samples were dissolved in a solution 
of nitric and hydrofluoric acid, and the acid solution was placed on a hotplate for several 
hours to assure complete dissolution.  After dissolution, each sample solution was 
brought up to 50 ml with nitric acid.  A 13.5 ml container was “spiked” with 1.5 ml of a 
Bi, In standard, and then filled to the 15 ml mark with the nitric sample solution.  
 
Statistical Methods 
The recursive partitioning (rpart) method (Therneau and Atkinson, 1997) was 
used to investigate the correlation of geochemical attributes to provenance and tectonic 
setting by finding the single best variable to classify the data to a subset with the least 
amount of classification error. The program rpart (which is a freeware implementation of 
the commercial program CART) was used in this analysis.  Dr. David L. Turner of the 
USDA Forest Service provided support and analysis in this statistical method. 
 
Thin Section Preparation 
Thin sections of 25 rock samples were made for petrographic analysis (Appendix 
B).  The rock samples were trimmed into rectangular blocks and one side polished so that 
a smooth, flat surface was obtained for adherence to glass specimen plates.  After the 
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samples were glued to the glass specimen plates, the sample blocks were then trimmed 
and polished again, until an even surface (~0.3mm thickness) was obtained allowing 
maximum light distribution through the specimen plates. 
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Table 2-1. Formations sampled for this study with their reported age, provenance, and 
depositional setting, according to Dickinson et al. 1983.  
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Basin/Formation Age Location Provenance Depositional Setting 
Salt Wash Member Upper Jurassic Utah 
Craton  
Interior 
Intra- 
cratonic 
Dakota Formation Lower Cretaceous Utah 
Craton  
Interior 
Intra- 
cratonic 
Mesaverde Group Cretaceous Utah, Colorado 
Quartzose  
Recycled 
Intra- 
cratonic 
Duchesne River Formation Oligocene Utah Quartzose  Recycled 
Intra- 
cratonic 
Hoback Formation Paleocene-Eocene Wyoming 
Quartzose  
Recycled 
Intra- 
cratonic 
Frontier Formation Upper Cretaceous Wyoming 
Transitional 
Recycled 
Intra- 
cratonic 
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Bridger Formation Eocene Wyoming Dissected  Arc 
Fore-arc  
Basin 
Tyee Formation Eocene Oregon Dissected  Arc 
Fore-arc  
Basin 
Wagon Bed Eocene Wyoming Undissected  Arc 
Foreland 
Basin 
Lonesome Formation Upper Jurassic Oregon 
Undissected  
Arc 
Fore-arc  
Basin 
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CHAPTER 3 
PETROGRAPHIC ANALYSIS AND TECTONIC SETTING 
 
Introduction  
 Dickinson and Suczek (1979) and Dickinson et al. (1983) divided clastic 
sedimentary rocks into three broad provenance classifications, namely, continental block, 
recycled orogen and magmatic arc.  These classifications are based mainly on the 
petrographic characteristics of rocks derived from particular provenances.  The 
petrographic characteristics of the datum for this study were determined using the Gazzi-
Dickinson (Ingersoll et al., 1984) point counting method.  The averages of selected 
sample suites were then plotted on QFL and QmFLt ternary diagrams to show their 
distinct quartz, feldspar, and lithic compositions.  The QFL and QmFLt diagrams are 
plotted to emphasize different rock grains.  The QFL diagram plots all quartz (Q, 
including mono- and poly-crystalline varieties) grains together with Feldspar (F) and all 
unstable Lithics (L), thus emphasizing grain stability (Dickinson and Suczek, 1979). The 
emphasis on grain stability shows the influence of weathering, provenance relief and 
transport mechanisim on source rock composition (Dickinson and Suczek, 1979).  The 
QmFLt diagram plots only mono-crystalline quartz (Qm), Feldspar (F), and all lithic 
fragments (Lt, including stable quartzose and unstable lithics) and shifts the emphasis 
toward source rock grain size (Dickinson and Suczek, 1979).   The QFL and QmFLt plots 
show data from Dickinson et al. (1983) and this study.  The averages of the data from 
Dickinson et al. (1983) are plotted with the averages of the data from this study, as well 
as the un-averaged data. 
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 Petrographic analyses were performed on 25 thin sections prepared from the rock 
samples collected in Colorado, Oregon, Utah, and Wyoming.  Each thin section was 
analyzed using the Gazzi-Dickinson point counting method and a total of 500 counts per 
slide was obtained (Ingersoll et al., 1984).  These point counts were collected to compare 
to those of Dickinson et al. (1983), who compiled point count data from previous studies 
of samples (much of which was acquired before publication of the Gazzi-Dickinson 
method) from the same formations studied here. This comparison was done to see if the 
newer point counts were similar to the previous studies. This section attempts to describe 
the basic petrography obtained through the Gazzi-Dickinson method and to draw 
comparisons between the observed petrographic and the older point count data. No 
attempt at re-interpreting the results of Dickinson et al. (1983) will be made, only 
conclusions derived from comparisons. 
 
Continental Block 
The Dakota Formation and Salt Wash Member of the Morrison Formation were 
used as the representative Continental Block sandstones for this study zone (figures 3-1, 
3-2).  On the QFL and QmFLt diagrams, they plot near the boundary of the Continental 
Block.  However, even though they do not plot within the zone, it must be noted that the 
boundaries between each zone are not exact.  Also, point-counting error may play a factor 
in the differences between this study and Dickinson et al. (1983).  Due to technical 
difficulties the collected Salt Wash samples were used in the geochemical analysis, but 
were not included in the thin sections.  Previous studies have indicated that the Salt Wash 
Member was continental in origin (Cadigan, 1967; Dickinson et al., 1983; Currie, 1998). 
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Recycled Orogen 
The MVG, Hoback, Duchesne River Formations represent the Quartzose 
Recycled Orogen zone (figures 3-3, 3-4).  The Frontier Formation represents the 
Transitional Recycled Orogen zone (figures 3-5, 3-6).  Each formation plots within the 
broad Recycled Orogen zone, but it is difficult to separate them into their specific 
subzones, namely Quartzose Recycled and Transitional Recycled.  The Frontier does not 
plot within its suggested Transitional Recycled Orogen zone, but this could be due to the 
local rock maturity or other workers interpretations made during point counting or both.  
It should be noted that the Frontier Formation contains data points from opposite sides of 
the Big Horn Mountains, yet they both plot together. This suggests that the distribution 
from the sediment source was very even and consistent over the area. 
The Duchesne River Formation samples in this study were used for geochemical 
analysis, but due to technical difficulties were not used for thin sections. Andersen and 
Picard (1974) concluded that the Duchesne River Formation was an excellent example of 
a Recycled Orogen provenance. 
 
Magmatic Arc 
The sandstones of the Tyee Formation and Bridger Formation represent the 
Dissected Arc of Dickinson’s QFL classification (figures 3-7, 3-8).  The QFL plots below 
show this study’s point counts as derived using the Gazzi-Dickinson method.  Both 
sandstones are plotted against the available data compiled by Dickinson et al. (1983).  
Also, the averages of our data are plotted, since Dickinson et al. (1983) used the averages 
of their or other workers data to determine appropriate provenance classification.  As can 
be seen, the Bridger Formation sandstones plot very well with Dickinson’s data.  In fact, 
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when compared with the data of Surdam and Stanley (1980), the Bridger Formation 
sandstones plot within the same field. 
The Tyee Formation has one point that corresponds with Dickinson’s previous 
assessment, while the other points do not.  This could suggest that the data of those 
samples are incorrect (possibly the older, pre-Gazzi-Dickinson data), that the samples 
were collected from the incorrect formation, or that the formation exhibits more 
variability than was documented previously.  The latter seems to be the most likely as the 
lateral extent of the Tyee Formation is quite large and the formation crops out 
everywhere.  The sandstones were plotted on both QFL and QmFLt diagrams to see if 
there were any differences between the plots.  In this case the differences were very 
subtle and did not change the classification of the samples.   
The sandstones of the Lonesome and Wagon Bed Formations represent 
Dickinson’s Undissected Arc classification (figures 3-9, 3-10).  As can be noted from the 
ternary diagrams they are scattered across the plot.  However, the samples from the 
Lonesome Formation plot within the appropriate classification zone, while the Wagon 
Bed Formation point counts plot in the Recycled Orogen zone.  Although this could 
indicate improper point counting or even incorrect sampling of the rock formation, note 
that the Wagon Bed samples lie within the zone of Mixing between the three 
classifications.  This may mean that the collected samples are of a mixed sediment source 
that received detritus from a magmatic arc setting, but was also influenced by local 
sediment (especially the Granite Mountains uplift).  It should be noted that the data point 
for the Lonesome Formation from Dickinson’s data plots in an entirely different 
classification depending on which diagram plot is used.  The QFL diagram yields a 
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transitional arc interpretation, and the QmFLt gives an un-dissected arc setting.  
However, the broad interpretation of a magmatic arc setting is correct, and this is 
supported by the fact that both studys’ data points lie within the magmatic arc zone. 
 
Summary 
 Overall, the comparison of the data from Dickinson et al. (1983) and this study 
was favorable, although the exercise in point counting showed how difficult it is to 
accomplish and provide unbiased data.  Although not all of the observed point count data 
from this study correlate with Dickinson et al. (1983), the variability of each study by 
different observers is evident. This is not to say that either interpretation is right or 
wrong, but that different workers see things in different views.  The Gazzi-Dickinson 
method is without question one of the better methods with which to analyze clastic whole 
rock compositions, and hopefully, when coupled with reliable geochemical 
discriminators, will provide dependable and accurate interpretations. 
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Figure 3-1.  Triangular QFL plot showing data points from Dickinson et al., 1983 and this 
study of the Dakota Formation and the Salt Wash member of the Morrison Formation.  
This plot shows the relative position of the data to the Craton Interior division.  Q is total 
quartzose grains; F is total feldspar grains; L is total unstable lithic fragments. 
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Figure 3-2. Triangular QmFLt plot showing the data points from Dickinson et al., 1983 
and this study of the Dakota Formation and the Salt Wash member of the Morrison 
Formation.  This plot shows the relative position of the data to the Craton Interior 
division. Qm is mono-crystalline quartz grains; F is total feldspar grains; Lt is total lithic 
fragments (including stable quartzose and unstable lithics). 
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Figure 3-3. Triangular QFL plot showing the data points from Dickinson et al., 1983 and 
this study of the Mesaverde Group, Duchesne River Formation and the Hoback 
Formation.  This plot shows the relative position of the data to the Recycled Orogen 
division. Q is total quartzose grains; F is total feldspar grains; L is total unstable lithic 
fragments. 
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Figure 3-4. Triangular QmFLt plot showing the data of Dickinson et al., 1983 and this 
study of the Mesaverde Group, Duchesne River Formation and the Hoback Formation.  
This plot shows the relative position of the data to the Recycled Orogen division. Qm is 
mono-crystalline quartz grains; F is total feldspar grains; Lt is total lithic fragments 
(including stable quartzose and unstable lithics). 
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Figure 3-5. Triangular QFL plot showing the data of Dickinson et al., 1983 and this study 
of the Frontier Formation.  This plot shows the relative position of the to the Recycled 
Orogen division. Q is total quartzose grains; F is total feldspar grains; L is total unstable 
lithic fragments. 
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Figure 3-6. Triangular QmFLt plot showing the data of Dickinson et al., 1983 and this 
study of the Frontier Formation.  This plot shows the relative position of the data to the 
Recycled Orogen division. Qm is mono-crystalline quartz grains; F is total feldspar 
grains; Lt is total lithic fragments (including stable quartzose and unstable lithics). 
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Figure 3-7. Triangular QFL plot showing the data of Dickinson et al., 19983 and this 
study of the Bridger and Tyee Formations.  This plot shows the relative position of the 
data to the Dissected Arc division. Q is total quartzose grains; F is total feldspar grains; L 
is total unstable lithic fragments. 
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Figure 3-8. Triangular QmFLt plot showing the data of Dickinson et al., 1983 and this 
study of the Bridger and Tyee Formations.  This plot shows the relative position of the 
data to the Dissected Arc division. Qm is mono-crystalline quartz grains; F is total 
feldspar grains; Lt is total lithic fragments (including stable quartzose and unstable 
lithics). 
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Figure 3-9. Triangular QFL plot showing the data of Dickinson et al., 1983 and this study 
of the Wagon Bed and Lonesome Formations.  This plot shows the relative position of 
the data to the Undissected Arc division. Q is total quartzose grains; F is total feldspar 
grains; L is total unstable lithic fragments. 
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Figure 3-10. Triangular QmFLt plot showing the data of Dickinson et al., 1983 and this 
study of the Wagon Bed and Lonesome Formations.  This plot shows the relative position 
of the data to the Undissected Arc division. Qm is mono-crystalline quartz grains; F is 
total feldspar grains; Lt is total lithic fragments (including stable quartzose and unstable 
lithics). 
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CHAPTER 4 
GEOCHEMISTRY AND TECTONIC SETTING 
 
Introduction 
 The geochemical composition of clastic sedimentary rocks was shown by Bhatia 
(1983) and McLennan et al. (1993) to reflect complex factors that include provenance, 
transport, weathering, and depositional setting. Geochemical techniques and 
characteristics give insights to the tectonic conditions that control these factors. Sediment 
geochemistry also provides a complementary analysis to petrographic methods 
(McLennan et al., 1993).  
 Table 4-1 provides a simplistic view of the relationship of petrography and 
geochemical methods.  In it are the references that determined which petrographic or 
geochemical plot to use to discriminate between provenance and tectonic setting. The 
geochemical plots are listed in order of discussion of this chapter. 
 
Major Element Plots 
Harker Diagrams 
Harker diagrams are used to compare the abundances of the major element oxides 
along a common axis, namely, SiO2.  The diagram is fairly easy to understand, and 
includes both the data from this study and the average major elements from different 
provenances as described by Bhatia (1983).   
 As expected, we see a decrease in the abundance of TiO2, Fe2O3, CaO, Na2O, 
MgO, MnO, K2O, and Al2O3 as SiO2 increases (figure 4-1).  In general, cratonic and 
 31
recycled sediments associated with passive margins are higher in silica (cratonic >85% 
SiO2; recycled 65-95% SiO2) compared to arc-derived sediments associated with active 
orogenic margins (47-82% SiO2). Arc-derived sediments are also higher in Fe, Mg, Ti, 
and Al than comparable cratonic and recycled sediments.  
 
K2O/Na2O-SiO2 Plot 
The K2O/Na2O – SiO2 plot (figure 4-2) is very useful in separating data into broad 
provenance groups.  This plot was first suggested by Middleton (1960), who used it to 
define eugeosynclinal provenances, and later used by Roser and Korsch (1986) to define 
modern tectonic settings: oceanic arc, active continental margin (including continental 
margin arcs), and passive margins. The division lines were placed by eye between 
apparent breaks in the data (Roser and Korsch, 1986). The data presented here seem to 
match fairly well with the original diagram, however, some “eyeballing” could be used to 
place the division lines more accurately at the data breaks.  
This plot does not discriminate between the ARC and ACM settings of Bhatia 
(1983), which plot together in the active continental margin field, nor does it discriminate 
between the Recycled Orogen and Continental Block provenances of Dickinson et al. 
(1983), which plot together in the passive margin field. The intra-cratonic rocks derived 
from the craton interior studied here (Dakota Formation, Salt Wash Member Morrison 
Formation) have unusually low K2O/Na2O ratios at high silica contents, suggesting 
derivation from tonalitic (high-sodium) Precambrian gneisses (figure 4-2).  
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SiO2/Al2O3-K2O/Na2O Plot 
This plots SiO2/Al2O3 ratios against K2O/Na2O ratios (figure 4-3).  Typically, 
passive margin (PM) and continental (ACM) sands have higher values of both ratios, 
while active margin sands usually have lower SiO2/Al2O3 ratios with variable, low 
K2O/Na2O ratios (McLennan et al., 1990).   
This plot shows characteristics similar to the K2O/Na2O-SiO2 plot where the 
average data values from Bhatia (1983) plot in the same pattern as the Roser and Korsch 
(1986).  Also, the craton interior data points plot with anomalously high SiO2/Al2O3 
values (possibly indicating a tonalitic Precambrian gneiss source) as compared to the 
K2O/Na2O ratio.  
There is more separation of the groups between the craton interior, quartzose 
recycled, and transitional recycled than there was in the K2O/Na2O-SiO2 plot.  The 
dissected and undissected arc regimes show more mixing than previously noted, and are 
very difficult to separate into distinct groups.  The nice group separation between the 
continental sediments could indicate that this plot is a good discriminator of these groups. 
 
Ti-MgO+Fe2O3 Plot 
This plot (figure 4-4) from Bhatia (1983) provides discrimination between 
different tectonic settings: oceanic island arc (OIA), continental island arc (CIA), active 
continental margin (ACM), and passive margin (PM); note that CIA and ACM are 
separated here, in contrast to Roser and Korsch (1986). The average OIA, CIA ACM and 
PM data (triangles) from Bhatia (1983) are also plotted with this studys’ data. The 
averages plot within the grouped areas, the only exception being the PM point.  It lies 
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closer to the ACM group, while the Passive Margin and Recycled Orogen data are 
clumped together below the ACM group. 
While this plot discriminates between the OIA and CIA groups, more variability 
is seen in the ACM and PM groups.  It shows no distinction between the Continental 
Block and Recycled Orogen provenances.  The ACM group also contains most of the 
Quartzose Recycled data points, and could indicate that regional uplift along an ACM 
induced sedimentation and transport of these recycled sediments. 
However, just because the data from this study plot within the grouped areas does 
not mean that the data originated from that particular provenance (OIA, CIA, PM, ACM).  
This suggests that active continental margins as defined by Bhatia (i.e., transforms that 
transect an extinct, exhumed arc) are not the same as continental arc and cannot be 
distinguished from cratonic interior sediments deposited on a passive margin. Clearly, a 
different naming scheme needs to be devised for categorizing provenance.  
For instance, notice that the Wagon Bed data points (which are listed as 
“Undissected Arc” provenance on the figure) lie within the PM group (figure 4-4).  
Previously, in the Petrography chapter, there was suspicion that the Wagon Bed samples 
may have been incorrectly point counted or that the collected samples were incorrectly 
interpreted.  From this plot, the Wagon Bed data points suggest that mixing of sediments 
was occurring during deposition and so that the formation was incorrectly point counted.  
However, the Tyee Formation, which was suspicious when plotted petrographically (it 
was plotted as Recycled Orogen), now plots within the CIA group.  This supports both 
Dickinson et al. (1983) and Heller (Heller and Ryburg, 1983; Heller et al., 1985) that the 
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Tyee Formation was derived from a Continental Arc provenance and suggests the plotted 
petrographic classification in the previous chapter is incorrect. 
  
Trace Element Plots 
Sc-V Plot 
This plot shows a decrease in the abundances of both Scandium and Vanadium 
(Sc-V) within the sands as they become more mature (figure 4-5). This decrease is 
expected, since V and Sc are ferromagnesian trace elements, and reside chiefly in the 
mafic components of the sands (Bhatia and Crook, 1986).  This suggests that, as the 
sands go through sediment sorting and recycling, the mafic components become broken 
down chemically, reducing the V-Sc ratio.  Based on the data presented here, most of this 
discrimination appears to come from the V concentration, which is systematically higher 
in arc-derived sediments.  
 
La-Th-Sc Plot   
This Lanthanum-Thorium-Scandium plot shows that arc-derived sediments and 
passive margin sediments can be effectively differentiated from each other (figure 4-6).  
However, no apparent separation can be found between the Craton Interior (Passive 
Margin) and Quartzose Recycled (Recycled Orogen) sands. This plot successfully 
discriminates between the different arc settings. The distinction between groups is based 
on an increase in the La/Sc ratio as the sands become more mature (quartz rich).  
The failure of this plot to distinguish between active continental margins (as 
defined by Bhatia) and passive margins echoes the failure of the Ti-MgO+Fe2O3 plot to 
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separate these same fields. Again, the distinction between active continental margins and 
passive margins in this sense appears to be without merit.  
 
C1 Chondrite Normalized REE Plots 
 These REE diagrams compare the rare earth element (REE) concentrations 
normalized to the C1 chondrite values of Sun and McDonough (1989); concentrations are 
also normalized to Lutetium (Lu), which removes the effects of dilution by variable 
quartz contents.  
 Sediments derived from cratonic interiors and deposited within an intra-cratonic 
basin are strongly enriched in the light rare earth elements (REE) and have relatively 
modest middle to heavy-REE slopes (figure 4-7)  – possibly reflecting an igneous source 
region that was derived from garnet-rich lower crust (McLennan et al., 1993). Small 
negative Europium (Eu) anomalies are common (McLennan et al., 1993).   
Sediments derived from quartzose recycled sources and deposited within intra-
cratonic basin or passive margin are strongly enriched in the light rare earth elements 
(REE) and have relatively modest middle to heavy-REE slopes (figure 4-8) – similar to 
sediments derived from cratonic interiors (figure 4-7).  Large negative Eu anomalies are 
common, indicating mechanical fractionation of plagioclase out of the system during 
weathering and transport.  
 Sediments derived from transitional recycled sources and deposited within an 
intra-cratonic basin or passive margin are moderately enriched in the light rare earth 
elements (REE) and smooth middle to heavy-REE slopes, without the pronounced 
flattening seen in other cratonic sediments (figure 4-9). Negative Eu anomalies are small 
or absent.  
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 Sediments derived from dissected arc sources and deposited on active margins are 
similar to the transitional-recycled passive margin setting, with moderately enriched light 
rare earth elements (REE) and smooth middle to heavy-REE slopes (figure 4-10). Eu 
anomalies are essentially absent.   
 Sediments derived from undissected arc sources and deposited on active margins 
are less enriched in the light rare earth elements (REE) and have relatively flat middle to 
heavy-REE slopes (figure 4-11). Positive Eu anomalies are common, and may be 
characteristic of many arc-derived sediments.  
 Overall, the REE data display few over-riding characteristics that would 
distinguish sediments deposited in different tectonic settings, aside from the tendency for 
passive margin sediments to have small negative Eu anomalies and for some active 
margin sediments to have distinct positive Eu anomalies.  
 
North American Shale Composite – REE  
 The North American Shale Composite (NASC) represents large volumes of very 
fine grained sediment that are thought to reflect the “average composition” of upper 
continental crust; it is almost identical to the Post-Archean Average Shale (PAAS) of 
Taylor and McLennan (1985). These REE diagrams compare the REE concentrations of 
the samples studied here to the North American Shale Composite. In all diagrams, 
relatively flat patterns reflect REE compositions similar to NASC, while the relative 
abundance represents dilution of the REE-bearing component by low-REE phases such as 
quartz.  
 Sediments derived from continental interiors and deposited in passive margin 
settings are characterized by relatively flat to slightly LREE-enriched patterns on NASC-
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normalized diagrams, with little or no Eu anomaly (figures 4-12, 4-13, 4-14). There are 
small but distinct positive Holmium (Ho) anomalies not observed in the chondrite-
normalized data, which suggest the NASC normalizing value for Ho is too low. Absolute 
concentrations are 0.07x to 0.85x NASC, reflecting slight to substantial dilution effects.  
 Sediments derived from dissected arcs terranes and deposited in active margin 
settings are characterized by slightly LREE-enriched patterns on NASC-normalized 
diagrams with small positive Eu anomalies and in some cases, small negative Ce 
anomalies – suggesting clay alteration of the volcanic source (figure 4-15). Ho again 
exhibits small but distinct positive anomalies not observed in the chondrite-normalized 
data. Absolute concentrations are 0.3x to 1.05x NASC (for La), reflecting minor dilution.  
 Sediments derived from undissected arcs terranes are characterized by NASC-
normalized patterns that are distinctly depleted in LREE relative to MREE or HREE, 
with strong positive Eu anomalies and in some cases, a distinct upturn in La 
concentration (figure 4-16). The strong positive Eu anomalies and upturn in La 
concentrations suggest the mechanical accumulation of plagioclase. Absolute 
concentrations are 0.08x to 0.9x NASC (for La), reflecting minor to substantial dilution 
of the REE-bearing component.  
 
Upper Continental Crust 
These Spider diagrams compare the samples from this study to the average Upper 
Continental Crust of McLennan et al. (1993) (figures 4-17, 4-18, 4-19). Sediments 
derived from continental interiors and deposited in passive margin settings are 
characterized by relatively flat to slightly LREE-enriched patterns with small positive Eu 
anomalies that reflect the small negative anomaly characteristic of upper continental 
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crust. There are distinct negative anomalies in Rubidium (Rb), Niobium (Nb), Tantalum 
(Ta), and Barium (Ba). In particular, Ba is generally lower than La in most samples.  
Sediments derived from dissected arcs terranes are characterized by strong 
positive anomalies in Chromium (Cr), Ba, and Eu, with distinctly enriched Ba/La ratios 
(figure 4-20). Sediments derived from undissected arcs terranes are characterized by 
distinctly depleted LREE patterns, strong positive anomalies V, Cr, Ba, and Eu, and 
distinct negative anomalies in Rb, Nb, and Ta (figure 4-21). Ba/La ratios are again very 
enriched. The presence of strong positive Eu anomalies and high Ba/La ratios in the arc-
derived sediments suggest that these features may prove useful as tectonic discriminants.  
 
Ba/La-Eu/Eu* Plot 
 The Ba/La-Eu/Eu* plot is a new plot devised through examination of the other 
data, especially REE/chondrite and spider plots.  This plot uses the ratio of Ba to La and 
compares it to the ratio of Eu to Eu* (which is a chondrite normalized number).  When 
compared together the diagram shows differences between arc rocks and passive margin 
sediments.  Arc rocks should typically have ratios of Ba/La and Eu/Eu* that are greater 
than 1, while passive margin sediments usually have Ba/La ratios less than 1, and Eu/Eu* 
less than or equal to 1.  The equation to determine Eu/Eu* is: 
Eu/Eu* = (Eu/0.058) / {[Sm/0.153 + Gd/0.2055] /2} 
This equation is similar to the one used by Bhatia (1985) in determining his Eu/Eu* ratio. 
Using the Ba/La-Eu/Eu technique, passive margin sediments group together with 
the Transitional and Quartzose Recycled sediments (figure 4-22).  There appears to be 
very little separation between these groups, perhaps because of the close relationship 
between the provenance and tectonic settings.  However, there is more separation with 
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the arc sediments, and also an anomalous arc group that is separate from the other arc 
sediments.  Using the same provenance groups that we have used in the other plots, we 
plot the data and see similar trends as before.  The dissected and undissected arc 
sediments are separate, with some mixing, and the passive margin sediments show no 
discernable separation. 
The average points of the Ba/La-Eu/Eu* ratios are also plotted on figure 4-22 to 
compare them to the un-averaged data.  They actually plot better than the separate data.  
This is most likely because the averaging of the data removes most of the noise within the 
data itself.  Notice that the passive margin (PM) and continental (ACM, CIA) (Quartzose 
and Transitional Recycled) sediments data sets plot within the same grouping, suggesting 
that the relationship between them is quite complex and not easily separated. 
 
Ta-V Plot 
 The Ta-V plot (figure 4-23) was derived from the statistical analysis of the 
geochemical trace elements utilizing rpart.  The resultant classification tree yields two 
geochemical variables (namely Tantalum (Ta) and Vanadium (Va)) that could be useful 
in separating the individual provenances. The Ta-V plot (figure 4-23) shows that the 
undissected arc rocks separate well from the dissected arc.  However, the continental 
provenance rocks are still mixed and do not separate well. 
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Table 4-1. Summary of papers proposing petrographic and geochemical approaches to 
classifying clastic sediment provenance and tectonic setting. 
 
 
Reference Plot 
Provenance 
vs. 
Tectonic 
Setting 
What it 
separates 
P
et
ro
gr
ap
hy
 Dickenson and Suczek, 1979 QFL, QmFLt Provenance PM, CM, ARC 
Dickenson et al., 1983 QFL, QmFLt Provenance PM, CM, ARC 
Johnsson, 1993 QFL, QmFLt Provenance PM, CM, ARC 
G
eo
ch
em
ic
al
 
M
aj
or
 E
le
m
en
ts
 Bhatia, 1983 Harker Diagram Both PM, CM, ARC 
Roser and Korsch, 1986; 
Middleton, 1960 K2O/Na2O-SiO2 Both PM, CM, ARC 
McLennan et al., 1990 SiO2/Al2O3-K2O/Na2O 
Both PM, CM, ARC 
Bhatia, 1983 Ti-MgO+Fe2O3 
Tectonic 
Setting ARC 
T
ra
ce
 E
le
m
en
ts
 
Bhatia and Crook, 1986 Sc-V Provenance PM, CM, ARC 
McLennan et al., 1993 La-Th-Sc Provenance ARC 
McLennan et al., 1993, 
Bhatia, 1985 REE Provenance None 
McLennan et al., 1993 Spider Provenance ARC, PM 
This Study, 2009 Ba/La-Eu/Eu* Provenance PM, ARC 
This Study, 2009 Ta-V Provenance PM, ARC 
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Figure 4-1. Harker diagram of major element analyses of suites used in this study. Small 
triangles, diamonds, circles and squares are plotted data from this study.  Large triangles 
are provenance averages from Bhatia (1983). Values are in percent (%). 
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Figure 4-2. SiO2 versus K2O/Na2O plot of Roser and Korsch (1986). Fields for oceanic 
island arc (ARC), continental margin arc (ACM), and passive margins (PM) are shown. 
Note low K2O/Na2O sediments of continental interior, which may be derived from a 
tonalitic source.  Also note that the stray craton interior point that plots within the passive 
margin field may come from an anomalously high K2O value.  SiO2   values are in 
percentages (%). 
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Figure 4-3. Plot of SiO2/Al2O3 ratios versus K2O/Na2O ratios, after McLennan et al. 
(1990).  Data for samples studied here in small symbols, group average data from Bhatia 
(1983) in large triangles.  Note the overlap and mix of the dissected and undissected arc 
sediments. 
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Figure 4-4. Plot of [MgO+FeO] versus TiO2, after Bhatia (1983). Data for samples 
studied here in small symbols, group average data from Bhatia (1983) in large triangles. 
Note overlap of passive margin sediments into active continental margin (“ACM”) field.  
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Figure 4-5. Plot of Scandium versus Vanadium (Sc-V) after Bhatia and Crook (1986). 
Arc rocks are high in Vanadium (V) relative to passive margin sediments.  Scandium and 
Vanadium values are plotted in parts per million (ppm). 
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Figure 4-6. Ternary plot of Lanthamum-Thorium-Scandium (La-Th-Sc), after Bhatia and 
Crook (1986).  Arc fields separate moderately well, but passive margin and active 
continental margin fields overlap.  Lanthamum, Thorium, and Scandium values are 
plotted in parts per million (ppm). 
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Figure 4-7. Chondrite and Lutetium (Lu) normalized Rare Earth Element (REE) 
concentrations for Craton Interior sedimentary rocks deposited in a passive margin 
tectonic setting: Dakota Formation and Salt Wash Member of the Morrison Formation.  
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Figure 4-8. Chondrite and Lutetium (Lu) normalized Rare Earth Element (REE) 
concentrations for Quartzose Recycled sedimentary rocks deposited in a passive margin 
tectonic setting: Hoback Formation, Duchesne River Formation, and Mesaverde Group.  
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Figure 4-9. Chondrite and Lutetium (Lu) normalized Rare Earth Element (REE) 
concentrations for Transitional Recycled sedimentary rocks deposited in a passive margin 
tectonic setting: Frontier Formation.  
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Figure 4-10. Chondrite and Lutetium (Lu) normalized Rare Earth Element (REE) 
concentrations for sedimentary rocks derived from Dissected Arcs and deposited in an 
active margin tectonic setting: Tyee Formation and Bridger Formation.  
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Figure 4-11. Chondrite and Lutetium (Lu) normalized Rare Earth Element (REE) 
concentrations for sedimentary rocks derived from Undissected Arcs deposited in an 
active margin tectonic setting: Wagon Bed Formation and Lonesome Formation. The data 
with the unusual Eu spike come from the Wagon Bed Formation. 
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Figure 4-12. NASC-normalized Rare Earth Element (REE) concentrations for Craton 
Interior sedimentary rocks deposited in a passive margin tectonic setting: Dakota 
formation and Salt Wash Member of the Morrison Formation.  
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Figure 4-13. NASC-normalized Rare Earth Element (REE) concentrations for Quartzose 
Recycled sedimentary rocks deposited in a passive margin tectonic setting: Hoback 
Formation, Duchesne River Formation, and Mesaverde Group.  
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Figure 4-14. NASC-normalized Rare Earth Element (REE) concentrations for 
Transitional Recycled sedimentary rocks deposited in a passive margin tectonic setting: 
Frontier Formation.  
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Figure 4-15. NASC-normalized Rare Earth Element (REE) concentrations for 
sedimentary rocks derived from Dissected Arcs deposited in an active margin tectonic 
setting: Tyee Formation and Bridger Formation.  
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Figure 4-16. NASC-normalized Rare Earth Element (REE) concentrations for 
sedimentary rocks derived from Undissected Arcs deposited in an active margin tectonic 
setting: Wagon Bed Formation and Lonesome Formation.  
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Figure 4-17. Upper crust-normalized Rare Earth Element (REE) concentrations for 
Craton Interior sedimentary rocks deposited in a passive margin tectonic setting: Dakota 
Formation and Salt Wash Member of the Morrison Formation.  
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Figure 4-18. Upper crust-normalized Rare Earth Element (REE) concentrations for 
Quartzose Recycled sedimentary rocks deposited in a passive margin tectonic setting: 
Hoback Formation, Duchesne River Formation, and Mesaverde Group.  
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Figure 4-19. Upper crust-normalized Rare Earth Element (REE) concentrations for 
Transitional Recycled sedimentary rocks deposited in a passive margin tectonic setting: 
Frontier Formation.  
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Figure 4-20. Upper crust-normalized Rare Earth Element (REE) concentrations for 
sedimentary rocks derived from Dissected Arcs deposited in an active margin tectonic 
setting: Tyee Formation and Bridger Formation.  
 61
 
 
 
Figure 4-21. Upper crust-normalized Rare Earth Element (REE) concentrations for 
sedimentary rocks derived from Undissected Arcs deposited in an active margin tectonic 
setting: Wagon Bed Formation and Lonesome Formation. 
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Figure 4-22.  Ba/La-Eu/Eu* Plot.  Arc rocks show some separation, but continental rocks 
are mixed together with no discernable separation. 
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Figure 4-23.  Ta-V Plot.  Undissected arc rocks separate well from dissected arc rocks, 
but continental rocks are still mixed with very little separation. 
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CHAPTER 5 
STATISTICAL ANALYSIS OF SANDSTONE GEOCHEMISTRY 
 
Introduction 
To recognize patterns that could lead to correlations between geochemical 
attributes and provenance the project data was analyzed using classification tree 
methodology (Breiman et al., 1984) as implemented in the rpart (recursive partitioning) 
library (Therneau and Atkinson, 1997) for the R statistical computing platform (Venables 
et al., 2008).   
Rpart provides a nonparametric alternative to multiple regression modeling by 
finding the single best variable for splitting the data into two groups.  Each of those two 
groups is again split and the process continues until no further improvement can be made 
or until some minimum group size is attained.  The resulting classification tree is too 
complex (too many branches) and needs to be pruned back to a simpler and more 
statistically defensible tree. 
Pruning the initial or maximal tree is done by a cross-validation method 
(Therneau and Atkinson, 1997).  The original data set is randomly divided into (at least) 
10 subsets.  A model fitted by leaving each subset out in turn is used to predict or classify 
the observations in the omitted subset.  An average measure of risk is then calculated and 
the “best” model is selected based on a plot of the average risk as a function of model 
complexity which is related to the number of terminal nodes.  
The complexity criterion used for this analysis is to pick the tree with the smallest 
‘xerror’, which is the average proportion of misclassified observations from the cross-
validation (D. Turner, USDA Forest Service, personal communication).   
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An rpart classification tree was fit for the major element data of this study to see if 
any particular elements stood out and helped separate the provenances from each other. 
 
Major Elements - rpart analysis 
 The observed amounts of major element oxides (SiO2, TiO2, Al2O3, Fe2O3, MnO, 
MgO, CaO, Na2O, and K2O) were used as predictor variables to classify the provenance 
of samples in an rpart analysis.  Table 5-1 shows the complexity parameter (CP) and 
xerror values for the initial 3 split/6 terminal node tree fit to the major element data.  1-
xerror is similar to R2 in a regression analysis and can be used to select tree number 3 
(with 2 splits) as the optimal tree since it has the smallest value of 1-.6122=0.3878.  This 
indicates that the 2 split/4 terminal node tree plotted in Figure 5-1 is the “best” tree using 
the major elements to predict provenance.  The classification table for this model (Table 
5-2) shows that dissected and undissected arcs are predicted very well with this model 
having misclassification rates of 0 and 4.   The results for this model show that Na2O and 
K20 are useful for discriminating provenance, primarily separating quartzose recycled, 
undissected and dissected arcs. 
 
Trace Elements - rpart analysis 
 Two models were fitted using a selected subset and all observed amounts of trace 
elements.  The first model was based on commonly used trace elements (Sc, V, Eu, La, 
Ba, Ho, and Th from the literature) to see if they could be pared down and simplified to 
the most useful elements. The second model was based on the entire trace element data 
set (Sc, V, Cr, Rb, Y, Nb, Ba, La, Ce, Pr, Nd, Eu, Sm, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, 
Hf, Ta, Pb, Th, and U) measured for this study.  
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 The model fit statistics for selected trace elements (Table 5-3) justified a 
classification matrix and tree with only 2 splits/3nodes (Table 5-4, figure 5-2). The 
matrix and tree indicate that Vanadium (V) and Thorium (Th) may be useful geochemical 
discriminants for separating provenance, primarily quartzose recycled, undissected and 
dissected arcs.  This model did not separate craton interior and transitional recycled from 
the other provenances. 
 Using all trace elements produced a tree with 2 splits/3 nodes  (figure 5-3) but a 
different variable for the second split.  The classification matrix and tree for this model 
yield results similar to the previous model except that Tantalum (Ta) replaces Thorium 
(Th) in the right-hand branch.  This could suggest that Tantalum (Ta) might be useful for 
separating provenance suites. 
 
Summary 
 The rpart analysis provided a basis for using geochemical elements as provenance 
discriminators.  For instance, the major element oxides Na2O and K2O were used by 
Roser and Korsch (1986) to separate provenances in a broad, general sense. The same is 
true for Vanadium (V), where Bhatia and Crook (1986) used Vanadium to help classify 
provenance suites. The rpart model for these elements suggest that they would be useful 
for provenance discrimination and provides statistical support for work by previous 
authors. 
 However, it should be noted that although the rpart method works in this case, this 
data set is small (n=74) and should be considered a pilot study.  For future investigations 
a random sample of 200-300 sites would be more appropriate. 
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Table 5-1.  Model fit statistics for the initial rpart model for major elements assessed in a 
geochemical provenance study of clastic sedimentary rocks in the Western Cordillera, 
2009. 
Tree 
Number CP nsplit  rel error xerror xstd 
1 0.30612245 0 1.00000000 1.00000000 0.08303403 
2 0.20408163 1 0.69387760 0.79591840 0.08765050 
3 0.12244898 2 0.48979590 0.61224490 0.08619360 
4 0.06122449 3 0.36734690 0.63265310 0.08661700 
5 0.01000000 4 0.30612240 0.67346940 0.08726437 
 
 
Table 5-2.  Classification results from the pruned rpart tree (2 splits/3 nodes) modeling of 
geochemical provenance using major element from sedimentary rocks in the western 
cordillera, 2009.  Columns and rows are the observed and predicted provenances, 
respectively. 
Classification Matrix – Major Elements 
Observed/Predicted Craton Interior 
Dissected 
Arc 
Quartzose 
Recycled 
Transitional 
Recycled 
Undissected 
Arc 
Craton Interior 0 0 0 0 0 
Dissected Arc 0 14 0 0 4 
Quartzose 
Recycled 8 0 25 10 0 
Transitional 
Recycled 0 0 0 0 0 
Undissected Arc 2 0 0 0 11 
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Table 5-3. Model fit statistics for initial rpart model of selected trace element analysis in 
geochemical provenance study of clastic sedimentary rocks in the western cordillera, 
2009. 
Tree 
Number CP nsplit rel error xerror xstd 
1 0.28571429 0 1.00000000 1.00000000 0.08303403 
2 0.20408163 1 0.71428570 0.85714290 0.08697365 
3 0.10204082 2 0.51020410 0.65306120 0.08697365 
4 0.06122449 3 0.40816330 0.69387760 0.08748982 
5 0.01000000 5 0.28571430 0.71428570 0.08765050 
 
 
Table 5-4. Classification results from the pruned rpart tree (2 splits/3 nodes) modeling of 
geochemical provenance using selected trace elements from sedimentary rocks in the 
western cordillera, 2009.  Columns and rows are the observed and predicted provenances, 
respectively. 
Classification Matrix – Trace Elements 
Observed/Predicted Craton Interior 
Dissected 
Arc 
Quartzose 
Recycled 
Transitional 
Recycled 
Undissected 
Arc 
Craton Interior 0 0 0 0 0 
Dissected Arc 0 11 1 0 1 
Quartzose 
Recycled 10 0 25 24? 10 0 
Transitional 
Recycled 0 0 0 0 0 
Undissected Arc 0 3 0 0 14 
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Table 5-5. Model fit statistics for initial rpart model of all trace element analysis in 
geochemical provenance study of clastic sedimentary rocks in the western cordillera, 
2009. 
Tree 
Number CP nsplit rel error xerror xstd 
1 0.28571430 0 1.00000000 1.00000000 0.08303403 
2 0.10204080 2 0.42857140 0.46938780 0.08125256 
3 0.01000000 4 0.22448980 0.48979590 0.08218237 
 
 
Table 5-6. Classification results from the pruned rpart tree (2 splits/3 nodes) modeling of 
geochemical provenance using all trace elements from sedimentary rocks in the western 
cordillera, 2009.  Columns and rows are the observed and predicted provenances, 
respectively. 
Classification Matrix – Trace Elements 
 Craton Interior 
Dissected 
Arc 
Quartzose 
Recycled 
Transitional 
Recycled 
Undissected 
Arc 
Craton 
Interior 0 0 0 0 0 
Dissected 
Arc 0 14 1 0 0 
Quartzose 
Recycled 10 0 24 10 0 
Transitional 
Recycled 0 0 0 0 0 
Undissected 
Arc 0 0 0 0 15 
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Figure 5-1.  The pruned fit tree model for the major elements.  The numbers below the 
provenances are the frequencies with which the major elements correspond to that 
provenance.
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Figure 5-2.  The pruned fit model of the rpart analysis of the trace elements using only 
selected trace elements (namely, Sc, V, Eu, La, Ba, Ho, Th). The numbers below the 
provenances are the frequencies with which the selected trace elements correspond to that 
provenance.
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Figure 5-3.  The pruned fit model of the rpart analysis for all of the trace elements.  Note 
that Tantalum (Ta) replaces Thorium (Th) in the right branch as compared to the previous 
model (figure 5-2). The numbers below the provenances are the frequencies with which 
the trace elements correspond to that provenance. 
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CHAPTER 6 
CONCLUSIONS  
 
Introduction 
 
The goal of this study was to evaluate geochemical discriminants for clastic 
sedimentary rocks that have been proposed in the literature, by applying them to rocks of 
known tectonic setting and provenance. The sample control set selected was based on the 
compilation of Dickinson et al. (1983), using the classification applied in that study 
(craton interior, quartzose recycled, transitional recycled, undissected arc, and dissected 
arc). These groups do not correspond to those used on the geochemical discriminant 
diagrams by the original authors, who commonly group settings into passive margin, 
continental arc, and island arc (Table 6-1). “Active continental margin” (ACM) is used 
by some authors as synonymous with continental arc, but Bhatia uses this term for strike-
slip basins on continental margins.  The use of the Dickinson groups within this study, 
however, is internally consistent and independent of the groups used by the original 
authors. In general, the craton interior, quartzose recycled, and transitional recycled 
groups are essentially passive margin settings, whereas dissected arcs are generally 
equivalent to continental margin arcs. Undissected arcs are more or less the same as 
island arcs in other schemes.  
 
Major Element Diagrams 
Several major elements diagrams were used to determine successful geochemical 
discriminants for provenance characterization (Table 6-2). The diagrams evaluated here 
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were (1) Harker diagrams and (2) geochemical diagrams generated using the following 
different sets of oxides: K2O/Na2O-SiO2, Ti-MgO+Fe2O3, and SiO2/Al2O3-K2O/Na2O.  
The Harker diagrams were useful for looking at the overall abundance of major 
elements within the different provenances. They are useful in providing a quick analysis 
of the data and determining overall silica enrichment, which is typically higher in passive 
margin settings. 
The K2O/Na2O-SiO2 diagram from Roser and Korsch (1986) is also useful in a 
broad sense for discriminating between the different provenances of passive margin, 
island arc, and active continental margin (used in the sense continental margin arc). 
However, its limiting factor was its inability to distinctly separate the different passive 
margin settings defined by Dickinson et al. (1983), especially the craton 
interior/continental provenances.  
The Ti-MgO+Fe2O3 diagram (Bhatia, 1983) seemed to work the best in using the 
major elements to discriminate between the different provenances.  Although there was 
some overlap (mixing) of the passive margin (PM) and continental (ACM) provenances, 
enough separation was seen to be able to separate the individual provenances. 
The SiO2/Al2O3-K2O/Na2O diagram (McLennan et al., 1990) is a variation on the 
K2O/Na2O-SiO2 diagram used by Roser and Korsch (1986). The use of the Si/Al ratio 
provides some additional spread in the data, and eliminates issues related to absolute 
abundance. It seems that the passive margin (PM) and active continental margin (ACM) 
provenances were somewhat more separated than in the original Roser and Korsch (1986) 
diagram.  
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Trace Element Diagrams 
Trace element diagrams are useful because it is often easier to obtain good trace 
element data than major element analyses, and because they can provide powerful 
discrimination in many cases (Table 6-3). However, many trace elements are 
concentrated in accessory phases that may be subject to hydraulic concentration that will 
skew results.  
The Sc-V diagram (Bhatia and Crook, 1986) was good for discriminating between 
all the different provenances.  Each provenance (passive margin, continental recycled, 
dissected arc, and undissected arcs) was well separated and plotted in definable groups. 
The La-Th-Sc diagram (McLennan et al., 1993) was good for separating the arc 
sediments (dissected and undissected), but wasn’t very useful in discriminating between 
the continental sediments.  The continental sediments appeared to have too much overlap 
for any definable separation between the different groups. 
The chondrite-normalized REE diagrams (Bhatia, 1985; McLennan et al., 1993) 
displayed very few discriminating characteristics with which to separate samples into 
unique groupings related to provenance.  Aside from the tendency of passive margins to 
exhibit small negative Eu anomalies, and the active margin sediments to show distinct 
positive Eu anomalies, the REE diagrams were a disappointment. The NASC-normalized 
REE diagrams also did not perform well in discriminating the provenances. The NASC 
diagrams had rather flat slopes with no unique characteristics, and, aside from the strong 
positive Eu anomaly in the undissected arc provenance, provided little else to separate the 
data. There is little difference between NASC and PAAS normalizing factors.  
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The upper continental crust-normalized multi-element (spider) diagrams 
(McLennan et al., 1993) did work fairly well for separating the dissected and undissected 
arc provenances. Overall, the plots showed a distinct positive Eu anomaly, and high 
Ba/La ratios.  
The Ba/La-Eu/Eu* diagram was the plot derived from the upper continental crust 
Ba/La and Eu-anomaly relationships. This plot seems to work very well for the dissected 
and undissected arc provenances, but was less successful in separating the passive margin 
subprovinces (continental interior-recycled orogen provenances).  
The Ta/V diagram was the plot derived from the statistical analysis of the trace 
elements.  This plot works very well for separating the dissected and undissected arc 
provenances, but fails in separating the passive margin and continental sediments. 
 
Summary 
Although several of the geochemical plots did not work as expected, this study 
was successful in determining some useful geochemical discriminants.  Most of the major 
element diagrams were successful to one degree or another as well as most of the trace 
element diagrams.  The major elements Ti, MgO, and Fe2O3, along with K2O and Na2O 
seemed to work the best in discriminating between the different provenances.  The trace 
elements Sc, V, La, Th, Eu, and Ba seemed to work the best in separating the different 
provenances into definable groups. 
As a result of this study, the multiple nomenclatures employed by different 
investigators leads to the concept that a standard provenance terminology is needed so 
that unnecessary and confusing terms are eliminated.  Although it may be impossible to 
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include every provenance regime, it should still be possible to devise a simple but 
accurate classification.   
A suggested nomenclature could be:  Passive Margin (includes possible subsets: 
recycled orogen and continental interior; some overlapping of the Passive Margin will be 
seen), Dissected Arc (aka Active Continental Margin), and Undissected Arc (aka Island 
Arc) regimes. This nomenclature is by no means all-inclusive, but is meant simply to 
illustrate the need for a more comprehensive and simple terminology.  
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Table 6-1.  List of provenances, depositional and tectonic settings nomenclature as used 
in literature. 
Provenance Depositional Setting Tectonic Setting 
Undissected Arc Forearc/Backarc 
 
Oceanic Island Arc or Young 
Volcanic CMA 
Dissected Arc/CMA 
 
ACM: Active Continental 
Margin 
 
CMA or Transform Continental 
Margin 
 
Craton Interior 
Intra-Cratonic Basin 
Foreland Basin 
Continental-Slope-Rise 
Passive Margin 
Recycled Orogen 
 
Uplifted Basement 
Rock 
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Table 6-2.  List of major element diagrams and their effectiveness in resolving 
provenance. 
Diagrams Effectiveness 
Harker Diagrams 
Low resolution power. Arcs = Low SiO2; 
Passive Margins = High SiO2. 
K2O/Na2O – SiO2 
Moderate resolution power. Good for 
Oceanic Island Arcs vs. Continental 
Margins Arcs vs. Passive Margin. 
SiO2/Al2O3 – K2O/Na2O 
Moderate resolution power. Good for 
Oceanic Island Arcs vs. Continental 
Margin Arc vs. Passive Margin. 
TiO2 – MgO + Fe2O3 
Good resolution power. Separates the 
Oceanic Island Arc vs. Continental Margin 
Arc vs. Passive Margin. 
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Table 6-3.  List of trace element diagrams and their effectiveness in resolving 
provenance. 
Trace Element Diagrams Effectiveness 
Sc – V Diagram 
Good resolution power. Separates Oceanic 
Island Arc vs. Continental Margin Arcs vs. 
Passive Margin. 
La – Th – Sc Diagram 
Moderate resolution power. Good for 
Oceanic Island Arcs vs. Continental 
Margins Arcs vs. Passive Margin 
Chondrite Normalized REE Diagram 
Low resolution power. Very difficult to 
differentiate between different 
provenances. 
NASC REE Diagram 
Low resolution power. Other than Eu and 
Ho anomalies, very difficult to differentiate 
between the different provenances. 
Upper Continental Crust (Spider Diagram) 
Moderate resolution power.  Works good 
for separating Oceanic Island Arcs vs. 
Continental Margin Arcs. 
Ba/La – Eu/Eu* Diagram 
Moderate resolution power. Separates 
Oceanic Island Arc vs. Continental Margin 
Arcs vs. Passive Margin. 
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Ta/V Diagram 
Moderate resolution power.  Separates 
Oceanic Island Arc vs. Continental Margin 
Arc. 
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Appendix A:  Sample Labels and Locations 
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Sample # Sample Label Easting Northing 
Elevation 
(ft) 
Salt Wash 1 SW 1 556107 4303155 4293 
Salt Wash 2 SW 2 555883 4302946 4287 
Salt Wash 3 SW 3 555883 4302946 4287 
Salt Wash 4 SW 4    
Salt Wash 5 SW 5    
Dakota 1 DAKO 1 646488 4300880 4590 
Dakota 2 DAKO 2 646488 4300880 4590 
Dakota 3 DAKO 3 646488 4300880 4590 
Dakota 4 DAKO 4 646942 4301205 4503 
Dakota 5 DAKO 5 646942 4301205 4503 
Bridger Formation (1,2) TB 1 578595 4647715 6486 
Bridger Formation 3 TB 3 601555 4642382 6403 
Bridger Formation 4 TB 4 601498 4642385 6396 
Bridger Formation 5 TB 5 601490 4642366 6403 
Tyee 1 TY 1 450023 4837468 142 
Tyee 2 TY 2 450023 4837468 142 
Tyee 3 TY 3 450169 4837785 159 
Tyee 4 TY 4 425718 4834545 36 
Tyee 5 TY 5 429079 4780811 850 
Tyee 6 TY 6 429079 4782770 1270 
Farrer 1 MVG F1 581417 4326314 5127 
Farrer 2 MVG Tu 2 581427 4326314 5127 
Farrer 3* MVG Tu 3 581426 4326329 5080 
Farrer 4 (Tuscher?) MVG Tu1 582146 4325801 5217 
Tuscher 1 MVG Tu1a 587162 4325973 4983 
Tuscher 2 MVG Tu2a 587198 4325970 4989 
Tuscher 3 MVG Tu3a 587231 4325972 4992 
Tuscher 4 MVG Tu4a 584509 4328335 4817 
Tuscher 5 MVG Tu5a 584558 4328344 4850 
Tuscher 6 MVG Tu6a 584560 4328340 4850 
Mesaverde Group MVG 693041 4418034 5977 
Mesaverde Group MVG 693041 4418034 5977 
Mesaverde Group MVG 693041 4418034 5977 
Mesaverde Group MVG 693041 4418034 5977 
Mesaverde Group MVG 693041 4418034 5977 
Duchesne River Frm. DR 1 610001 4463155 5197 
Duchesne River Frm. DR 2 610001 4463155 5197 
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Sample # Sample Label Easting Northing 
Elevation 
(ft) 
Duchesne River Frm. DR 3 610001 4463155 5197 
Duchesne River Frm. DR 4 610001 4463155 5197 
Duchesne River Frm. DR 5 610001 4463155 5197 
Hoback Formation TH 1 547219 4788204 6635 
Hoback Formation TH 2 547748 4789496 6797 
Hoback Formation TH 3 547757 4789501 6835 
Hoback Formation TH 4 547754 4789505 6840 
Hoback Formation TH 5 547905 4789597 6856 
Hoback Formation TH 6 547908 4789596 6857 
Frontier 1 FRONT 1 373548 4829478 4724 
Frontier 2 FRONT 2 373537 4829456 4745 
Frontier 3 FRONT 3 373513 4829424 4755 
Frontier 4  FRONT 4 373506 4829395 4749 
Frontier 5 FRONT 5 373528 4829357 4760 
Frontier BHB BHB FRONT 1 649753 4935007 5391 
Frontier BHB BHB FRONT 2 649747 4935015 5392 
Frontier BHB BHB FRONT 3 649754 4934994 5387 
Frontier BHB BHB FRONT 4 649775 4934973 5368 
Frontier BHB BHB FRONT 5 649776 4934968 5369 
Wagon Bed (all 
samples) 
WB 1a & b 730991 4732306 6775 
Wagon Bed (all 
samples) 
WB 2 730991 4732306 6775 
Wagon Bed (all 
samples) 
WB 3 730991 4732306 6775 
Wagon Bed (all 
samples) 
WB 4a & b 730991 4732306 6775 
Wagon Bed (all 
samples) 
WB 5 730991 4732306 6775 
Lonesome Formation 1 LS 1 307305 4882070 4150 
Lonesome Formation 2 LS 2 303528 4884825 4050 
Lonesome Formation 3 LS 3 306719 4881793 4089 
Lonesome Formation 4 LS 4 306825 4881860 4100 
Lonesome Formation 5 LS 5 310846 4881240 4120 
 
 91
 
 
 
 
 
 
 
 
 
 
 
Appendix B:  Rock Sample Point Count Compositions 
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) 
L
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(v
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C
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C
hl
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M
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BHF 4 16 402 10 4 6 24   26 
BHF 5  402 32 8 15 17   20 
Da 1  282 65 32 9 19 74  5 
Da 2  336 63 23 37 12  3 10 
K Front 
3 
8 215 13 6 39   5  
K Front 
4 
6 243 12 2 14 15  2  
Lf 1  80 184  84   20  
Lf 2 18 54 44  116  204  6 
Lf 3  50 135 17 77 52 89 44 5 
MVG 3  210 28 8 28  146 8  
MVG 5 40 210 16 20 44  106 6 6 
Tb 1  76 37 14 64  276 12  
Tb 2  68 41 13 44 8 275 20 3 
Th 4 18 185 14 4 94 91  1  
Th 5  176 7 9 96  47   
Tu 3  300 10 10 54  86  14 
Tu 6  236 10 13 42  117 5 5 
Ty 1 6 122 114 38 1 138 27 23 9 
Ty 2b  158 52 17 41 30 145 11 11 
Ty 3 27 231 48 13 9 42 21 27 31 
Ty 4 24 156 50 10 34 22 153 6 8 
Ty 6 20 214 46 15 27 55 41 11 4 
Wb 2  265 50 32 61 43 7 34 3 
Wb 3  248 74 49 23 61 8 29 2 
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P
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M
at
ri
x 
BHF 4  3        
BHF 5 1 5        
Da 1  7 7       
Da 2 5 11        
K Front 
3 
1   57   156   
K Front 
4 
1 5  60   140   
Lf 1     20    112 
Lf 2 4 26 14    14   
Lf 3  5 8  18     
MVG 3  16 8 28   20   
MVG 5  52        
Tb 1 7 14        
Tb 2 6 19    3    
Th 4  6  30   52 5  
Th 5  5  36   124   
Tu 3  22 4       
Tu 6  43 3       
Ty 1 13 9        
Ty 2b 14 21        
Ty 3 25 23 3       
Ty 4 8 12 6 5 6     
Ty 6 6 3     58   
Wb 2 3 2        
Wb 3 6         
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Appendix C:  Major Element Data 
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 Provenance SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO* Na2O K2O 
DAKO1 Craton Interior 91.30 0.15 5.37 0.96 0.01 0.46 0.14 1.46 0.16 
DAKO2 Craton Interior 91.33 0.26 5.26 1.22 0.01 0.49 0.00 1.24 0.19 
DAKO3 Craton Interior 89.58 0.16 7.29 0.78 0.01 0.38 0.00 1.60 0.20 
DAKO4 Craton Interior 87.59 0.17 7.61 1.68 0.01 0.73 0.00 2.09 0.13 
DAKO5 Craton Interior 85.74 0.20 8.90 1.91 0.02 0.86 0.00 2.24 0.14 
SW1 Craton Interior 97.37 0.03 1.61 0.16 0.03 0.27 0.26 0.20 0.09 
SW2 Craton Interior 95.97 0.05 2.74 0.13 0.02 0.33 0.18 0.46 0.12 
SW3 Craton Interior 96.46 0.05 2.16 0.08 0.02 0.30 0.56 0.30 0.07 
SW4 Craton Interior 82.29 0.16 3.42 0.25 0.14 0.55 11.30 -0.03 1.90 
SW5 Craton Interior 83.95 0.18 4.32 0.46 0.11 0.82 7.71 0.32 2.12 
TB1 Dissected Arc 49.54 0.80 12.29 4.98 0.61 4.08 23.24 2.29 2.16 
TB2 Dissected Arc 46.61 1.01 11.50 6.82 0.54 5.71 24.01 1.97 1.83 
TB4 Dissected Arc 65.73 0.72 15.42 5.56 0.04 5.38 2.31 2.05 2.79 
TB5 Dissected Arc 51.01 1.40 11.33 9.55 0.63 6.03 15.06 2.48 2.51 
TY1A Dissected Arc 66.20 0.77 16.70 5.91 0.04 4.62 0.25 2.61 2.90 
TY1B Dissected Arc 67.32 0.66 16.78 5.50 0.04 3.82 0.00 3.04 2.84 
TY2A Dissected Arc 67.37 0.64 17.55 5.35 0.03 3.17 0.09 2.76 3.04 
TY2B Dissected Arc 66.86 0.69 17.29 5.76 0.03 3.78 0.00 2.70 2.89 
TY3A Dissected Arc 70.51 0.61 15.76 4.29 0.06 1.86 0.56 3.13 3.20 
TY3B Dissected Arc 72.32 0.57 16.02 3.01 0.04 1.21 0.33 2.92 3.57 
TY4A Dissected Arc 67.13 0.68 14.94 5.89 0.07 4.16 2.22 2.89 2.03 
TY4B Dissected Arc 66.48 0.73 14.76 6.10 0.06 4.79 2.50 2.63 1.95 
TY6A Dissected Arc 70.65 0.46 13.60 3.48 0.16 2.27 3.52 3.07 2.79 
TY6B Dissected Arc 69.88 0.54 13.80 3.93 0.16 2.58 3.44 3.06 2.62 
DR1 Quartzose Recycled 82.09 0.12 2.05 0.39 0.08 4.22 10.58 -0.14 0.60 
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DR2 Quartzose Recycled 87.53 0.12 2.91 0.40 0.06 2.95 5.33 -0.11 0.82 
DR3 Quartzose Recycled 82.03 0.14 2.99 0.53 0.06 3.81 9.60 -0.12 0.97 
DR4 Quartzose Recycled 76.85 0.16 3.29 0.52 0.08 4.38 13.77 -0.12 1.07 
DR5 Quartzose Recycled 75.85 0.16 3.36 0.63 0.09 5.65 13.36 -0.12 1.03 
MVG1 Quartzose Recycled 80.52 0.45 12.16 1.82 0.05 2.03 0.00 0.94 2.03 
MVG2 Quartzose Recycled 80.07 0.38 10.28 3.89 0.09 2.85 0.00 0.74 1.70 
MVG3 Quartzose Recycled 77.46 0.66 9.50 4.81 0.09 4.99 0.00 0.77 1.73 
MVG4 Quartzose Recycled 86.95 0.25 7.55 2.07 0.07 1.20 0.00 0.60 1.30 
MVG5 Quartzose Recycled 80.53 0.28 10.48 3.46 0.09 2.59 0.17 0.66 1.75 
MVGF1 Quartzose Recycled 98.14 0.04 1.53 0.05 0.00 0.24 0.00 -0.09 0.09 
MVGTU2 Quartzose Recycled 98.93 0.05 0.89 -0.01 0.00 0.14 0.03 -0.10 0.06 
MVGTU3 Quartzose Recycled 97.90 0.05 0.99 0.19 0.01 0.65 0.24 -0.11 0.07 
MVGTU1A Quartzose Recycled 86.82 0.39 7.86 1.85 0.03 1.53 0.00 0.16 1.37 
MVGTU2A Quartzose Recycled 87.77 0.23 7.36 1.28 0.02 1.85 0.00 0.28 1.21 
MVGTU3A Quartzose Recycled 88.26 0.18 7.25 1.84 0.06 1.25 0.00 0.04 1.12 
MVGTU4A Quartzose Recycled 80.05 0.22 9.77 3.22 0.07 2.22 2.47 0.28 1.71 
MVGTU5A Quartzose Recycled 71.85 0.29 9.82 8.03 0.14 7.68 0.00 0.17 2.02 
MVGTU6A Quartzose Recycled 74.21 0.26 9.85 6.76 0.12 6.56 0.00 0.19 2.04 
TH1 Quartzose Recycled 80.76 0.16 5.28 0.98 0.22 1.93 10.21 -0.05 0.50 
TH2 Quartzose Recycled 77.03 0.26 5.76 1.32 0.30 3.60 11.20 -0.01 0.55 
TH3 Quartzose Recycled 76.71 0.24 7.37 1.61 0.19 2.50 10.74 -0.02 0.66 
TH4 Quartzose Recycled 63.72 0.22 5.90 1.58 0.98 3.95 23.05 -0.03 0.62 
TH5 Quartzose Recycled 63.24 0.21 5.92 1.15 0.58 4.04 24.20 -0.01 0.67 
TH6 Quartzose Recycled 67.46 0.19 5.32 0.75 0.53 3.56 21.57 0.00 0.63 
BHBFRONT1 Transitional Recycled 98.31 0.14 1.29 0.17 0.00 0.11 0.00 -0.09 0.07 
BHBFRONT2 Transitional Recycled 98.45 0.12 1.34 0.02 0.00 0.10 0.00 -0.09 0.05 
BHBFRONT3 Transitional Recycled 97.68 0.10 2.03 0.07 0.00 0.12 0.00 -0.08 0.08 
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BHBFRONT4 Transitional Recycled 97.17 0.14 2.29 0.26 0.00 0.11 0.00 -0.09 0.11 
BHBFRONT5 Transitional Recycled 94.43 0.19 4.92 0.20 0.00 0.14 0.00 -0.08 0.20 
FRONT1 Transitional Recycled 74.56 0.22 9.76 1.47 0.20 0.79 9.41 1.41 2.18 
FRONT2 Transitional Recycled 78.62 0.30 10.73 1.51 0.03 0.64 4.23 1.52 2.41 
FRONT3 Transitional Recycled 73.84 0.22 10.45 1.59 0.20 0.77 8.87 1.47 2.58 
FRONT4 Transitional Recycled 64.89 0.25 8.55 1.89 0.44 1.09 19.12 1.29 2.47 
FRONT5 Transitional Recycled 70.07 0.38 9.62 2.70 0.48 1.23 11.64 1.29 2.59 
LF1 Undissected Arc 59.34 0.96 16.76 8.90 0.10 5.54 2.93 3.98 1.49 
LF2A Undissected Arc 70.57 0.80 11.82 6.02 0.24 3.14 3.87 1.64 1.89 
LF2B Undissected Arc 71.67 0.77 11.51 5.95 0.23 2.94 3.44 1.67 1.81 
LF3A Undissected Arc 55.98 1.16 16.77 9.97 0.14 5.26 6.33 2.89 1.50 
LF3B Undissected Arc 58.23 1.13 15.91 9.52 0.15 4.69 6.11 2.81 1.46 
LF4A Undissected Arc 50.09 1.34 15.62 9.07 0.31 4.37 14.92 2.90 1.39 
LF4B Undissected Arc 51.74 1.32 15.31 8.86 0.45 4.07 13.91 2.90 1.44 
LF5A Undissected Arc 58.84 1.23 19.63 9.25 0.20 4.60 0.34 3.02 2.88 
LF5B Undissected Arc 70.02 0.60 15.08 5.51 0.04 3.46 0.00 2.89 2.40 
WB1A Undissected Arc 81.17 0.14 10.48 1.82 0.03 0.93 1.55 2.24 1.64 
WB1B Undissected Arc 81.81 0.11 10.36 1.66 0.03 0.81 1.37 2.25 1.60 
WB2 Undissected Arc 83.38 0.08 9.86 1.24 0.02 0.59 1.07 2.14 1.62 
WB3 Undissected Arc 81.54 0.08 11.27 1.09 0.02 0.57 1.14 2.60 1.70 
WB4A Undissected Arc 82.70 0.15 9.70 1.82 0.03 0.79 1.30 2.02 1.48 
WB4B Undissected Arc 83.19 0.07 9.63 0.93 0.02 0.54 1.58 2.02 2.02 
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Appendix D:  Trace Element Data 
 99
 
Sample Label Provenance Sc V Cr Rb Y Nb 
DAKO1 Craton Interior -0.04 10.27 3.83 4.75 3.37 3.46 
DAKO2 Craton Interior -0.10 9.37 3.64 4.79 2.69 3.85 
DAKO3 Craton Interior 0.67 11.24 4.37 3.93 2.13 3.24 
DAKO4 Craton Interior 1.65 7.81 2.71 1.68 2.30 4.64 
DAKO5 Craton Interior 0.65 9.27 2.74 3.34 8.36 4.98 
SW1 Craton Interior -7.17 5.77 6.92 3.46 5.91 0.65 
SW2 Craton Interior -8.04 12.38 1.82 4.33 1.62 0.90 
SW3 Craton Interior -7.26 11.05 1.95 2.96 2.21 0.80 
SW4 Craton Interior -6.10 7.91 3.37 20.31 6.34 1.24 
SW5 Craton Interior -4.43 8.82 3.58 27.33 6.43 1.72 
TB1 Dissected Arc -4.83 37.24 31.00 26.76 7.63 9.13 
TB2 Dissected Arc -3.40 51.54 51.46 21.87 5.26 8.35 
TB4 Dissected Arc -3.56 55.29 29.49 34.97 6.04 14.15 
TB5 Dissected Arc -0.97 127.87 86.91 22.43 13.81 14.24 
TY1A Dissected Arc 2.74 66.36 52.08 44.60 6.51 13.38 
TY1B Dissected Arc 2.37 65.53 55.03 34.04 6.16 14.17 
TY2A Dissected Arc 5.05 67.16 53.21 51.71 15.86 14.54 
TY2B Dissected Arc 5.57 66.55 53.68 49.35 15.34 15.54 
TY3A Dissected Arc 4.70 68.27 61.78 48.87 6.34 14.07 
TY3B Dissected Arc 3.90 51.96 52.06 56.55 5.31 14.27 
TY4A Dissected Arc 4.95 64.27 40.37 27.63 5.69 12.77 
TY4B Dissected Arc 4.16 67.79 41.27 20.77 4.63 14.03 
TY6A Dissected Arc 4.57 41.02 37.28 45.89 6.53 7.85 
TY6B Dissected Arc 3.69 45.76 51.71 40.36 6.48 8.41 
LF1 Undissected Arc 4.58 174.55 19.57 10.91 5.02 4.09 
LF2A Undissected Arc 7.71 81.99 43.83 33.56 23.42 3.84 
LF2B Undissected Arc 6.84 80.06 43.83 32.87 22.78 3.86 
LF3A Undissected Arc 4.70 182.75 34.06 13.82 11.56 3.92 
LF3B Undissected Arc 4.15 186.52 35.33 14.87 11.97 3.86 
LF4A Undissected Arc 5.87 140.50 14.31 23.89 11.00 2.78 
LF4B Undissected Arc 13.99 157.87 18.78 30.58 18.65 3.11 
LF5A Undissected Arc 8.94 115.14 17.61 42.90 27.34 6.35 
LF5B Undissected Arc 5.72 99.01 99.19 37.59 10.95 6.14 
WB1A Undissected Arc -3.55 59.09 45.70 20.26 0.87 2.90 
WB1B Undissected Arc -2.46 54.41 43.43 20.17 1.04 2.44 
WB2 Undissected Arc -2.58 44.74 30.79 15.43 0.72 2.09 
WB3 Undissected Arc -3.48 44.17 25.40 24.01 0.95 3.14 
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WB4A Undissected Arc -2.36 66.34 44.72 22.18 1.92 2.73 
WB4B Undissected Arc -3.01 36.71 19.21 30.52 0.73 2.02 
DR1 Quartzose Recycled -6.47 10.19 11.52 8.39 6.50 0.94 
DR2 Quartzose Recycled 0.10 14.06 7.09 13.07 5.56 1.20 
DR3 Quartzose Recycled 0.03 12.19 5.99 12.32 5.68 1.06 
DR4 Quartzose Recycled 5.97 13.16 7.05 13.34 5.68 1.46 
DR5 Quartzose Recycled 4.52 18.62 9.95 14.17 6.98 1.53 
MVG1 Quartzose Recycled 3.38 29.25 20.20 49.98 11.36 6.95 
MVG2 Quartzose Recycled 7.60 38.92 19.97 40.22 13.11 5.41 
MVG3 Quartzose Recycled 3.58 32.09 17.26 33.14 22.71 6.95 
MVG4 Quartzose Recycled 1.43 22.53 13.78 29.41 7.98 3.35 
MVG5 Quartzose Recycled 4.21 28.98 16.35 37.41 12.60 4.07 
MVGF1 Quartzose Recycled -1.27 3.09 3.91 2.61 2.46 0.54 
MVGTU2 Quartzose Recycled -0.53 2.74 4.28 2.66 7.31 0.94 
MVGTU3 Quartzose Recycled -0.81 3.67 2.07 1.78 4.73 0.68 
MVGTU1A Quartzose Recycled 1.65 22.54 18.72 34.13 16.29 5.35 
MVGTU2A Quartzose Recycled 0.44 19.07 12.32 22.73 6.44 3.35 
MVGTU3A Quartzose Recycled 0.50 17.42 11.67 20.62 7.03 3.06 
MVGTU4A Quartzose Recycled 0.47 18.62 11.16 33.89 7.88 3.19 
MVGTU5A Quartzose Recycled 0.79 24.72 12.03 35.49 13.96 3.47 
MVGTU6A Quartzose Recycled -0.18 24.18 11.70 35.46 14.79 3.30 
TH1 Quartzose Recycled -4.46 14.50 8.43 10.97 14.28 2.85 
TH2 Quartzose Recycled -5.23 12.53 7.34 10.57 9.67 2.58 
TH3 Quartzose Recycled -4.65 18.85 9.42 14.77 10.97 4.20 
TH4 Quartzose Recycled -5.03 15.27 8.39 11.69 11.90 3.50 
TH5 Quartzose Recycled -4.94 14.13 7.69 11.34 9.55 2.84 
TH6 Quartzose Recycled -5.21 16.10 8.57 11.70 19.81 4.23 
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BHBFRONT1 Transitional Recycled -0.47 6.31 5.26 3.90 1.55 1.94 
BHBFRONT2 Transitional Recycled -0.68 4.85 6.13 2.88 0.63 1.53 
BHBFRONT3 Transitional Recycled -0.96 5.96 4.73 3.64 2.43 1.29 
BHBFRONT4 Transitional Recycled -1.29 7.51 4.48 3.99 1.53 1.67 
BHBFRONT5 Transitional Recycled -1.65 10.34 6.38 5.44 0.67 2.08 
FRONT1 Transitional Recycled -4.02 20.77 7.07 32.97 9.13 3.62 
FRONT2 Transitional Recycled -0.59 23.49 8.28 43.23 15.65 5.60 
FRONT3 Transitional Recycled -1.83 20.53 7.30 41.09 11.61 3.92 
FRONT4 Transitional Recycled -4.03 16.17 5.67 31.92 5.16 3.40 
FRONT5 Transitional Recycled -3.26 23.25 8.04 40.99 15.18 5.21 
 
Sample Label Provenance Ba La Ce Pr Nd Eu 
DAKO1 Craton Interior 28.98 7.44 9.65 1.69 6.14 0.23 
DAKO2 Craton Interior 32.01 4.09 5.95 1.03 3.77 0.17 
DAKO3 Craton Interior 26.08 7.31 6.91 1.18 4.22 0.16 
DAKO4 Craton Interior 23.18 4.07 6.22 1.00 3.69 0.18 
DAKO5 Craton Interior 39.50 11.02 18.05 2.81 10.42 0.45 
SW1 Craton Interior 526.03 23.09 24.02 2.75 8.99 0.38 
SW2 Craton Interior 21.78 2.44 5.41 0.55 2.06 0.10 
SW3 Craton Interior 19.54 3.09 6.06 0.72 2.81 0.13 
SW4 Craton Interior 160.03 5.61 9.89 1.30 4.91 0.27 
SW5 Craton Interior 188.33 7.92 13.40 1.79 6.59 0.32 
TB1 Dissected Arc 750.99 25.42 46.53 5.30 18.93 0.98 
TB2 Dissected Arc 554.91 23.65 43.93 5.06 18.15 0.87 
TB4 Dissected Arc 442.25 18.82 29.15 3.86 13.64 0.55 
TB5 Dissected Arc 530.12 34.54 67.27 8.34 31.71 1.28 
TY1A Dissected Arc 719.68 10.83 17.15 2.77 10.56 0.58 
TY1B Dissected Arc 394.70 11.83 13.93 2.79 10.76 0.52 
TY2A Dissected Arc 948.98 25.05 54.28 6.54 24.68 1.23 
TY2B Dissected Arc 917.54 25.23 49.56 6.34 23.90 1.13 
TY3A Dissected Arc 478.57 12.02 17.26 3.09 11.65 0.57 
TY3B Dissected Arc 551.45 10.43 15.73 2.66 10.00 0.51 
TY4A Dissected Arc 421.71 12.28 21.82 3.02 11.36 0.50 
TY4B Dissected Arc 382.13 9.04 14.98 2.21 8.33 0.39 
TY6A Dissected Arc 654.80 15.93 25.74 3.40 12.45 0.66 
TY6B Dissected Arc 567.19 19.02 31.37 4.06 14.56 0.65 
LF1 Undissected Arc 272.68 3.45 6.77 1.14 4.98 0.35 
LF2A Undissected Arc 475.13 13.64 25.71 3.50 14.54 0.99 
LF2B Undissected Arc 463.93 13.24 25.23 3.37 14.20 0.96 
LF3A Undissected Arc 681.15 8.42 20.12 2.83 12.28 0.89 
LF3B Undissected Arc 686.37 9.01 21.07 2.94 12.94 0.95 
LF4A Undissected Arc 444.38 8.25 17.79 2.28 9.80 0.65 
LF4B Undissected Arc 647.64 11.11 23.91 3.21 14.18 1.01 
LF5A Undissected Arc 925.06 19.56 39.57 5.47 23.16 1.77 
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LF5B Undissected Arc 1094.83 11.01 26.31 2.78 11.32 0.75 
WB1A Undissected Arc 301.60 1.64 1.83 0.31 1.10 0.13 
WB1B Undissected Arc 411.34 1.93 2.30 0.36 1.30 0.17 
WB2 Undissected Arc 446.30 1.44 1.31 0.27 0.96 0.14 
WB3 Undissected Arc 373.57 2.13 3.04 0.41 1.42 0.17 
WB4A Undissected Arc 407.63 2.95 4.53 0.57 2.01 0.22 
WB4B Undissected Arc 414.72 2.07 2.77 0.37 1.26 0.15 
DR1 Quartzose Recycled 62.61 7.19 11.99 1.63 6.07 0.28 
DR2 Quartzose Recycled 82.45 6.75 11.68 1.50 5.62 0.25 
DR3 Quartzose Recycled 88.28 7.33 13.45 1.75 6.57 0.30 
DR4 Quartzose Recycled 89.93 6.90 11.80 1.51 5.73 0.26 
DR5 Quartzose Recycled 95.41 9.07 14.44 1.95 7.31 0.32 
MVG1 Quartzose Recycled 300.07 26.12 52.22 6.24 22.50 0.77 
MVG2 Quartzose Recycled 273.43 23.59 45.30 5.31 19.10 0.73 
MVG3 Quartzose Recycled 236.61 26.14 72.14 6.19 22.99 0.88 
MVG4 Quartzose Recycled 200.88 15.25 29.73 3.57 13.36 0.52 
MVG5 Quartzose Recycled 371.19 18.49 36.90 4.58 17.15 0.77 
MVGF1 Quartzose Recycled 19.30 7.02 13.84 1.65 6.09 0.17 
MVGTU2 Quartzose Recycled 18.91 5.45 12.55 1.28 4.60 0.13 
MVGTU3 Quartzose Recycled 44.86 6.75 8.88 1.03 3.83 0.13 
MVGTU1A Quartzose Recycled 276.20 18.25 36.53 4.48 16.64 0.65 
MVGTU2A Quartzose Recycled 394.14 9.81 19.90 2.30 8.71 0.38 
MVGTU3A Quartzose Recycled 224.34 10.36 16.01 2.55 9.94 0.46 
MVGTU4A Quartzose Recycled 356.73 13.72 27.00 3.30 12.34 0.55 
MVGTU5A Quartzose Recycled 241.84 15.35 30.64 3.74 14.18 0.64 
MVGTU6A Quartzose Recycled 573.81 15.18 42.98 3.68 14.19 0.68 
TH1 Quartzose Recycled 210.92 18.78 29.50 3.84 13.46 0.49 
TH2 Quartzose Recycled 161.24 16.34 25.57 3.32 12.01 0.47 
TH3 Quartzose Recycled 107.24 18.81 30.53 3.93 14.14 0.50 
TH4 Quartzose Recycled 329.02 21.33 34.01 4.25 15.26 0.63 
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TH5 Quartzose Recycled 158.42 25.68 39.88 3.65 12.99 0.48 
TH6 Quartzose Recycled 432.98 27.59 48.46 6.13 21.81 0.80 
BHBFRONT1 Transitional Recycled 40.12 3.79 9.33 0.99 3.75 0.14 
BHBFRONT2 Transitional Recycled 32.84 1.47 4.14 0.40 1.50 0.06 
BHBFRONT3 Transitional Recycled 38.04 6.12 14.80 1.65 6.29 0.23 
BHBFRONT4 Transitional Recycled 39.69 4.48 10.87 1.13 4.25 0.15 
BHBFRONT5 Transitional Recycled 47.58 1.90 2.62 0.51 2.00 0.08 
FRONT1 Transitional Recycled 429.60 19.43 33.92 3.90 13.57 0.69 
FRONT2 Transitional Recycled 505.85 19.72 34.32 4.14 14.73 0.82 
FRONT3 Transitional Recycled 496.15 23.37 29.01 3.43 12.24 0.68 
FRONT4 Transitional Recycled 433.54 13.59 23.89 2.73 9.38 0.50 
FRONT5 Transitional Recycled 474.77 20.01 36.07 4.20 14.94 0.71 
 
Sample Label Provenance Sm Gd Tb Dy Ho Er 
DAKO1 Craton Interior 1.05 0.88 0.12 0.60 0.12 0.35 
DAKO2 Craton Interior 0.72 0.77 0.12 0.60 0.11 0.28 
DAKO3 Craton Interior 0.73 0.56 0.07 0.42 0.08 0.25 
DAKO4 Craton Interior 0.72 0.66 0.09 0.51 0.10 0.26 
DAKO5 Craton Interior 1.92 1.71 0.23 1.22 0.23 0.61 
SW1 Craton Interior 1.64 1.43 0.20 1.08 0.21 0.59 
SW2 Craton Interior 0.41 0.37 0.05 0.29 0.06 0.17 
SW3 Craton Interior 0.54 0.49 0.07 0.38 0.07 0.20 
SW4 Craton Interior 0.98 0.97 0.15 0.92 0.21 0.62 
SW5 Craton Interior 1.26 1.19 0.18 1.11 0.24 0.70 
TB1 Dissected Arc 3.28 2.62 0.35 1.85 0.37 1.11 
TB2 Dissected Arc 3.18 2.50 0.32 1.68 0.32 0.91 
TB4 Dissected Arc 2.29 1.81 0.23 1.25 0.24 0.68 
TB5 Dissected Arc 5.83 4.91 0.65 3.59 0.71 2.00 
TY1A Dissected Arc 2.27 1.84 0.26 1.41 0.27 0.73 
TY1B Dissected Arc 2.03 1.75 0.22 1.20 0.23 0.61 
TY2A Dissected Arc 4.91 3.84 0.53 2.89 0.55 1.54 
TY2B Dissected Arc 4.57 3.66 0.50 2.68 0.50 1.41 
TY3A Dissected Arc 2.31 1.83 0.26 1.40 0.26 0.72 
TY3B Dissected Arc 2.00 1.54 0.23 1.23 0.24 0.67 
TY4A Dissected Arc 2.14 1.69 0.23 1.23 0.24 0.66 
TY4B Dissected Arc 1.63 1.27 0.18 1.00 0.20 0.53 
TY6A Dissected Arc 2.36 1.87 0.25 1.34 0.26 0.71 
TY6B Dissected Arc 2.55 1.95 0.26 1.39 0.26 0.71 
LF1 Undissected Arc 1.21 1.16 0.18 1.08 0.22 0.63 
LF2A Undissected Arc 3.32 3.53 0.58 3.70 0.80 2.38 
LF2B Undissected Arc 3.21 3.46 0.57 3.62 0.79 2.34 
LF3A Undissected Arc 2.99 2.86 0.46 2.77 0.56 1.59 
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LF3B Undissected Arc 3.16 3.00 0.48 2.92 0.60 1.71 
LF4A Undissected Arc 2.27 2.20 0.34 2.07 0.44 1.27 
LF4B Undissected Arc 3.49 3.43 0.57 3.42 0.72 2.10 
LF5A Undissected Arc 5.25 5.23 0.83 4.96 1.03 2.95 
LF5B Undissected Arc 2.62 2.23 0.37 2.24 0.46 1.35 
WB1A Undissected Arc 0.28 0.18 0.03 0.18 0.04 0.12 
WB1B Undissected Arc 0.35 0.23 0.04 0.21 0.05 0.14 
WB2 Undissected Arc 0.30 0.16 0.03 0.15 0.03 0.10 
WB3 Undissected Arc 0.35 0.22 0.03 0.21 0.04 0.13 
WB4A Undissected Arc 0.48 0.36 0.06 0.38 0.08 0.25 
WB4B Undissected Arc 0.31 0.17 0.03 0.15 0.03 0.10 
DR1 Quartzose Recycled 1.20 1.21 0.18 1.03 0.21 0.59 
DR2 Quartzose Recycled 1.10 1.03 0.15 0.86 0.18 0.49 
DR3 Quartzose Recycled 1.29 1.19 0.17 0.95 0.19 0.51 
DR4 Quartzose Recycled 1.11 1.06 0.16 0.92 0.19 0.53 
DR5 Quartzose Recycled 1.39 1.35 0.19 1.09 0.23 0.63 
MVG1 Quartzose Recycled 4.02 3.26 0.41 2.17 0.43 1.21 
MVG2 Quartzose Recycled 3.50 2.93 0.41 2.37 0.50 1.48 
MVG3 Quartzose Recycled 4.31 3.67 0.53 3.05 0.59 1.69 
MVG4 Quartzose Recycled 2.50 2.05 0.28 1.47 0.30 0.84 
MVG5 Quartzose Recycled 3.41 2.99 0.41 2.30 0.45 1.28 
MVGF1 Quartzose Recycled 0.97 0.75 0.09 0.48 0.08 0.23 
MVGTU2 Quartzose Recycled 0.76 0.60 0.08 0.49 0.10 0.27 
MVGTU3 Quartzose Recycled 0.71 0.63 0.10 0.55 0.11 0.30 
MVGTU1A Quartzose Recycled 3.20 2.81 0.38 2.07 0.40 1.13 
MVGTU2A Quartzose Recycled 1.73 1.51 0.20 1.09 0.22 0.63 
MVGTU3A Quartzose Recycled 2.03 1.76 0.24 1.33 0.26 0.70 
MVGTU4A Quartzose Recycled 2.38 2.02 0.27 1.42 0.28 0.82 
MVGTU5A Quartzose Recycled 2.75 2.54 0.36 1.86 0.35 0.98 
MVGTU6A Quartzose Recycled 2.92 2.46 0.34 1.91 0.37 1.04 
TH1 Quartzose Recycled 2.32 2.06 0.28 1.48 0.30 0.83 
TH2 Quartzose Recycled 2.07 1.87 0.25 1.41 0.28 0.79 
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TH3 Quartzose Recycled 2.47 2.25 0.31 1.71 0.34 0.93 
TH4 Quartzose Recycled 2.68 2.45 0.33 1.78 0.36 0.99 
TH5 Quartzose Recycled 2.24 1.91 0.27 1.49 0.30 0.81 
TH6 Quartzose Recycled 3.86 3.36 0.44 2.34 0.45 1.19 
BHBFRONT1 Transitional Recycled 0.71 0.52 0.07 0.36 0.07 0.18 
BHBFRONT2 Transitional Recycled 0.30 0.20 0.03 0.16 0.03 0.08 
BHBFRONT3 Transitional Recycled 1.22 0.92 0.11 0.55 0.10 0.26 
BHBFRONT4 Transitional Recycled 0.80 0.55 0.07 0.37 0.07 0.18 
BHBFRONT5 Transitional Recycled 0.38 0.26 0.03 0.16 0.03 0.08 
FRONT1 Transitional Recycled 2.46 2.03 0.29 1.64 0.32 0.87 
FRONT2 Transitional Recycled 2.79 2.50 0.40 2.40 0.51 1.46 
FRONT3 Transitional Recycled 2.28 1.97 0.29 1.71 0.36 1.02 
FRONT4 Transitional Recycled 1.68 1.30 0.18 0.94 0.19 0.53 
FRONT5 Transitional Recycled 2.70 2.23 0.32 1.82 0.37 1.06 
 
Sample Label Provenance Tm Yb Lu Hf Ta Pb 
DAKO1 Craton Interior 0.05 0.31 0.05 0.84 0.28 7.46 
DAKO2 Craton Interior 0.04 0.23 0.04 0.75 0.27 5.16 
DAKO3 Craton Interior 0.04 0.24 0.04 0.80 0.27 4.28 
DAKO4 Craton Interior 0.04 0.25 0.04 0.79 0.33 6.28 
DAKO5 Craton Interior 0.08 0.52 0.08 0.87 0.36 6.85 
SW1 Craton Interior 0.08 0.52 0.08 0.47 0.06 6.16 
SW2 Craton Interior 0.03 0.18 0.02 0.43 0.12 1.32 
SW3 Craton Interior 0.03 0.19 0.03 0.36 0.09 0.81 
SW4 Craton Interior 0.09 0.60 0.09 0.64 0.13 3.49 
SW5 Craton Interior 0.11 0.72 0.11 0.70 0.17 4.38 
TB1 Dissected Arc 0.17 1.09 0.17 1.94 0.62 10.34 
TB2 Dissected Arc 0.13 0.80 0.12 1.71 0.59 10.59 
TB4 Dissected Arc 0.10 0.63 0.09 2.81 1.02 14.34 
TB5 Dissected Arc 0.28 1.71 0.26 2.39 0.88 9.79 
TY1A Dissected Arc 0.10 0.63 0.10 2.17 1.06 12.57 
TY1B Dissected Arc 0.08 0.49 0.08 2.16 1.11 12.84 
TY2A Dissected Arc 0.21 1.39 0.21 2.41 1.21 14.13 
TY2B Dissected Arc 0.19 1.18 0.19 2.42 1.20 14.19 
TY3A Dissected Arc 0.10 0.63 0.09 1.90 1.18 13.63 
TY3B Dissected Arc 0.10 0.61 0.09 1.83 1.21 13.27 
TY4A Dissected Arc 0.09 0.57 0.09 2.18 1.07 12.92 
TY4B Dissected Arc 0.07 0.48 0.07 2.16 1.27 12.97 
TY6A Dissected Arc 0.10 0.64 0.10 1.45 0.68 11.68 
TY6B Dissected Arc 0.10 0.63 0.09 1.44 0.73 11.12 
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LF1 Undissected Arc 0.09 0.59 0.09 2.70 0.38 5.57 
LF2A Undissected Arc 0.34 2.21 0.36 1.74 0.32 5.02 
LF2B Undissected Arc 0.34 2.23 0.36 1.73 0.33 4.88 
LF3A Undissected Arc 0.23 1.49 0.23 2.80 0.35 4.59 
LF3B Undissected Arc 0.25 1.58 0.24 2.92 0.33 4.85 
LF4A Undissected Arc 0.18 1.16 0.18 1.63 0.26 3.16 
LF4B Undissected Arc 0.31 1.98 0.32 2.38 0.30 3.56 
LF5A Undissected Arc 0.42 2.65 0.41 3.41 0.53 21.61 
LF5B Undissected Arc 0.20 1.31 0.20 2.08 0.54 11.60 
WB1A Undissected Arc 0.02 0.12 0.02 1.42 0.42 12.93 
WB1B Undissected Arc 0.02 0.15 0.02 1.16 0.30 12.79 
WB2 Undissected Arc 0.02 0.11 0.02 0.96 0.28 9.95 
WB3 Undissected Arc 0.02 0.14 0.02 1.28 0.36 10.16 
WB4A Undissected Arc 0.04 0.27 0.05 2.11 0.33 10.39 
WB4B Undissected Arc 0.02 0.11 0.02 1.19 0.31 10.21 
DR1 Quartzose Recycled 0.08 0.51 0.07 0.50 0.12 3.35 
DR2 Quartzose Recycled 0.07 0.43 0.06 0.50 0.15 3.62 
DR3 Quartzose Recycled 0.07 0.43 0.07 0.51 0.12 3.83 
DR4 Quartzose Recycled 0.08 0.49 0.08 0.72 0.94 4.26 
DR5 Quartzose Recycled 0.09 0.57 0.09 0.65 0.26 4.84 
MVG1 Quartzose Recycled 0.18 1.17 0.19 1.81 0.67 9.21 
MVG2 Quartzose Recycled 0.22 1.38 0.22 1.48 0.57 19.63 
MVG3 Quartzose Recycled 0.24 1.54 0.24 1.78 0.68 6.52 
MVG4 Quartzose Recycled 0.12 0.76 0.12 1.02 0.31 5.73 
MVG5 Quartzose Recycled 0.18 1.09 0.17 1.06 0.42 9.91 
MVGF1 Quartzose Recycled 0.03 0.19 0.03 0.33 0.07 1.19 
MVGTU2 Quartzose Recycled 0.04 0.28 0.05 0.89 0.12 1.81 
MVGTU3 Quartzose Recycled 0.04 0.29 0.04 0.49 0.09 1.46 
MVGTU1A Quartzose Recycled 0.16 1.13 0.17 1.72 0.49 9.19 
MVGTU2A Quartzose Recycled 0.09 0.60 0.09 1.18 0.33 5.27 
MVGTU3A Quartzose Recycled 0.10 0.63 0.10 0.77 0.30 6.11 
MVGTU4A Quartzose Recycled 0.11 0.72 0.11 0.85 0.34 4.87 
MVGTU5A Quartzose Recycled 0.14 0.83 0.13 0.88 0.36 5.83 
MVGTU6A Quartzose Recycled 0.14 0.92 0.13 0.85 0.33 6.08 
TH1 Quartzose 0.11 0.70 0.10 0.69 0.25 4.94 
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Recycled 
TH2 Quartzose Recycled 0.11 0.65 0.10 0.62 0.24 4.32 
TH3 Quartzose Recycled 0.13 0.82 0.13 0.93 0.36 4.46 
TH4 Quartzose Recycled 0.13 0.84 0.13 0.81 0.30 7.22 
TH5 Quartzose Recycled 0.11 0.70 0.11 0.72 0.26 5.32 
TH6 Quartzose Recycled 0.16 0.97 0.14 1.03 0.34 7.11 
BHBFRONT1 Transitional Recycled 0.03 0.17 0.03 0.80 0.25 8.90 
BHBFRONT2 Transitional Recycled 0.01 0.08 0.01 0.59 0.16 5.89 
BHBFRONT3 Transitional Recycled 0.04 0.24 0.04 0.50 0.17 5.82 
BHBFRONT4 Transitional Recycled 0.03 0.17 0.03 0.60 0.18 7.88 
BHBFRONT5 Transitional Recycled 0.01 0.08 0.01 0.70 0.19 8.73 
FRONT1 Transitional Recycled 0.12 0.72 0.10 0.70 0.41 6.83 
FRONT2 Transitional Recycled 0.21 1.29 0.19 0.89 0.53 8.37 
FRONT3 Transitional Recycled 0.14 0.85 0.13 0.80 0.41 8.04 
FRONT4 Transitional Recycled 0.07 0.47 0.08 0.70 0.35 6.88 
FRONT5 Transitional Recycled 0.15 0.91 0.13 0.88 0.50 7.98 
 
Sample Label Provenance Th U 
DAKO1 Craton Interior 1.57 0.71 
DAKO2 Craton Interior 1.35 0.79 
DAKO3 Craton Interior 1.17 0.67 
DAKO4 Craton Interior 1.13 0.83 
DAKO5 Craton Interior 2.98 0.90 
SW1 Craton Interior 1.38 0.88 
SW2 Craton Interior 0.67 0.62 
SW3 Craton Interior 0.72 0.54 
SW4 Craton Interior 1.06 0.42 
SW5 Craton Interior 1.33 0.52 
TB1 Dissected Arc 3.58 2.46 
TB2 Dissected Arc 2.26 2.17 
TB4 Dissected Arc 4.75 2.13 
TB5 Dissected Arc 3.39 1.72 
TY1A Dissected Arc 3.85 1.98 
TY1B Dissected Arc 2.89 2.00 
TY2A Dissected Arc 5.11 2.42 
TY2B Dissected Arc 4.49 2.09 
TY3A Dissected Arc 3.70 2.05 
TY3B Dissected Arc 3.46 1.99 
TY4A Dissected Arc 3.31 1.99 
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TY4B Dissected Arc 2.61 1.98 
TY6A Dissected Arc 3.52 1.25 
TY6B Dissected Arc 3.90 1.13 
LF1 Undissected Arc 1.23 1.44 
LF2A Undissected Arc 2.74 1.36 
LF2B Undissected Arc 2.70 1.34 
LF3A Undissected Arc 2.04 1.74 
LF3B Undissected Arc 1.92 1.69 
LF4A Undissected Arc 1.83 1.12 
LF4B Undissected Arc 2.64 1.27 
LF5A Undissected Arc 4.89 2.21 
LF5B Undissected Arc 3.18 1.49 
WB1A Undissected Arc 0.55 1.97 
WB1B Undissected Arc 0.65 1.78 
WB2 Undissected Arc 0.64 6.44 
WB3 Undissected Arc 0.88 2.55 
WB4A Undissected Arc 1.07 3.61 
WB4B Undissected Arc 0.64 6.89 
DR1 Quartzose Recycled 0.99 1.03 
DR2 Quartzose Recycled 1.22 0.81 
DR3 Quartzose Recycled 1.08 0.73 
DR4 Quartzose Recycled 1.27 0.85 
DR5 Quartzose Recycled 1.51 1.19 
MVG1 Quartzose Recycled 7.10 1.99 
MVG2 Quartzose Recycled 5.68 1.74 
MVG3 Quartzose Recycled 6.56 2.23 
MVG4 Quartzose Recycled 3.83 1.19 
MVG5 Quartzose Recycled 4.16 1.58 
MVGF1 Quartzose Recycled 1.23 0.45 
MVGTU2 Quartzose Recycled 1.10 0.56 
MVGTU3 Quartzose Recycled 0.89 0.43 
MVGTU1A Quartzose Recycled 4.95 1.67 
MVGTU2A Quartzose Recycled 2.58 1.14 
MVGTU3A Quartzose Recycled 2.31 1.07 
MVGTU4A Quartzose Recycled 3.13 1.09 
MVGTU5A Quartzose Recycled 3.71 1.59 
MVGTU6A Quartzose Recycled 3.79 1.44 
TH1 Quartzose Recycled 3.36 1.74 
TH2 Quartzose Recycled 2.67 1.64 
TH3 Quartzose Recycled 4.77 1.85 
TH4 Quartzose Recycled 3.98 1.76 
TH5 Quartzose Recycled 3.10 1.53 
TH6 Quartzose Recycled 6.30 1.93 
BHBFRONT1 Transitional Recycled 0.85 0.68 
BHBFRONT2 Transitional Recycled 0.32 0.62 
BHBFRONT3 Transitional Recycled 1.50 0.67 
BHBFRONT4 Transitional Recycled 1.04 0.73 
BHBFRONT5 Transitional Recycled 0.43 0.84 
FRONT1 Transitional Recycled 3.61 1.06 
FRONT2 Transitional Recycled 4.99 1.46 
FRONT3 Transitional Recycled 4.06 1.21 
FRONT4 Transitional Recycled 3.40 1.00 
FRONT5 Transitional Recycled 4.92 1.38 
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